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FISHING FOR WAYS CUT 
ELECTROPLATING COSTS? 


KNICKERBOCKER FOUND IN TEST THAT IT CAN 


@ Cut cost of solution correction 
@ Cut Power Costs by 1/3 or Boost Production 


WITH 


“PLUS-4"ANODES 


(PHOSPHORIZED COPPER) 


The Knickerbocker Electrotype Co. of New York filled its Tank 
No. 1 with AnacondA “Plus-4” Phosphorized Copper Anodes, set 
up Tank No. 2 as a control, using only electric tough pitch copper 
anodes. Solution concentrations are tested and corrections made 
weekly—and consistently Tank No. 1 with the “Plus-4” Anodes has 
shown the better record. 

After five months of testing, Mr. William Welsh, foreman of 
the plating department, expressed his satisfaction with “Plus-4” 
Anodes and made this statement: “Using regular anodes, we 
must hold our cathodes at least 4% inches from the anodes. 
This is necessary because the sludge from the old anodes will fall 
on our work and cause roughness. With the new ‘Plus-4’ Anode, 
there being no loose sludge, we could work much closer—only 3 
inches away — which would reduce the resistance by ¥% — which 
would in turn reduce our power costs by about the same proportion. 
This would also reduce the heat generated by a like proportion.” 

Mr. Welsh explained that because Knickerbocker uses thermo- 
plastic molds, heat is important—the tanks must run no higher than 
95F to prevent warping. As an alternate to reducing power, he 
explained that he could use the same power and run plates through 
faster, increasing production. 55142 


WHY PLATING WITH “PLUS-4” ANODES COSTS LESS! 


+ 1 no anode sludge (no “bagging” or diaphragms required) 
+2 no copper “build-up” in solution 

+ 3 smooth, heavy cathode deposits 

+4 up to 15% more cathode deposit per anode 


SEE FOR YOURSELF — For details on how you can get a test supply of “Plus-4” 
Anodes sufficient to fill one tank, write to The American Brass Company, Waterbury 
20, Conn. In Canada: Anaconda American Brass Ltd., New Toronto, Ont. 


‘*PLUS-4’' ANODES 
A PRODUCT OF 


ANACONDA 


made by The American Brass Company 
For use under Patent No. 2,689,216 


Here is a “’Plus-4” “fish” pulled out of a Knickerbocker tank. It measures Z 
170” at the thickest part at the bottom and .058” at the thinnest point. This 
remnant of a 40-lb. anode weighs only 2 Ib., 3 oz. “Plus-4’’ Anodes corrode this 
way regularly—another indication of the superior job they can do for you. 
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CAN YOU USE AN EXTRA CHEMIST? 


A WARREN SPECTRACORD on your spec- 
trophotometer puts an extra chemist in your lab- 
oratory. It records in a few minutes finer detail 
than an analyst can plot manually in hours... 
and a technician can operate it. A Spectracord 
gives you more and better information, with less 
expenditure of professional time. 


The Spectracord is now a standard instrument in 
many industrial, university and government lab- 
oratories. It is setting the pace in modern spec- 
troscopy because of its unique combination of 
features: 


@ It is twice as fast as any other recording 
spectrophotometer, and 20 to 30 times faster 


than manual operation, without sacrificing 
accuracy. 


@ It is the only instrument with continuously 
variable scanning speed. A curve can be traced 
faster or slower, the drum stopped and re- 
turned to any point—all without losing the 
wavelength calibration. 


®@ It is the only instrument of its kind with a 
“service by substitution” system of inter- 
changeable plug-in electronic units, which 
eliminate delays in servicing. 


@ It is the only instrument with a repetitive 
scanning accessory, and the only one in its 
price range with a time drive. Other accessories 
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give recordings linear in absorbance and extend 
the recording range to 2750 my in the infrared. 


@ It is the only instrument in its price range with 
built-in compensation of the 100% line... 
the only one whose signal-to-noise ratio im- 
proves at low transmittances. 


@ It has fewer controls than any other recorder, 
grouped where the operator can use them from 
a seated position. The sample compartment is 
accessible from front and top, is larger than 
in any comparable instrument. 


® It uses preprinted, interchangeable charts 
which are quickly and reproducibly aligned 
with the wavelength scale. 


For other exclusive features of the fastest, most 
versatile and convenient recorder yet developed for DU 
type spectrophotometers, write to 717 Forbes Street, 
Pittsburgh 19, Pa. for Bulletin FS-245-20, ‘The 
Warren Spectracord.” 


“America's Largest Manufacturer- Distr 
Laboratory Appliances and Reagent 
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Just 


Just published ...the new catalog M2A 
which fully illustrates and describes the 
comprehensive line of WESTON me- 
chanical instruments, noted for their 
long-time accuracy and dependability. 
Send for your copy today; or ask your 
local Weston representative for help on 
any measurement or control problem in- 
volving temperature, vacuum, pressure. 
Weston Electrical Instrument Corpora- 
tion, 614 Frelinghuysen Avenue, Newark 
5, New Jersey, a subsidiary of Daystrom 
Incorporated. 


RECORDING INSTRUMENTS . 
in 9”, 10” and 12” chart 
sizes — single and multipen 
— for all requirements. 


RECORDING CONTROLLERS... 
handle temperatures from 
325° Fto 1000 F—vacuum 
to 30” mercury — pressures 
to 7500 psi or higher. 


TIME CONTROLLERS . . . make 
any semiautomatic retort 
control system fully auto- 
matic. Available in both 
standard and special forms. 


INDICATING CONTROLLERS .. . 
accurately regulate tempera- 
ture, vacuum, pressure and 
indicate on direct-reading 
scale, 


DIAL THERMOMETERS (remote read- 
ing) . . . furnished with mercury, 
gas, or vapor pressure actuations. 
Flush or wall mounting. Indicate 
low as --325°F., high as 1000°F. 
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Developed especially for vacuum metalizing 
to give you top performance at minimum cost! 


New Process 


SYLVANIA TUNGSTEN COILS wna STRAND 


To help you get more shots per 
dollar in vacuum metalizing, New 
Process Sylvania source heater ma- 
terials are produced under exacting 
standards of uniformity throughout 
every step of manufacture. From 
tungsten ore to finished coils and 
strand, every production operation 
is done in Sylvania’s own plants. 

Special tungsten wire is coiled 
specifically for vacuum metalizing 
to assure both maximum evaporat- 
ing capacity and long service life. 
Sylvania offers you a wide selection 
of ready-made tungsten coils, in 
single or multiple strand, each de- 
signed for a specific metalizing 
application. 


If you prefer to form your own 
source heater coils, there are a full 
range of wire diameters and types 
to choose from. Whenever you en- 
counter special application prob- 
lems, our engineers will gladly help 
you work them out. Write for your 
copy of the newly published “New 
Process Sylvania Tungsten Coils 
and Strand,” presenting latest ap- 
plication and performance data. 


SyLvaniA Evectric Propucts Inc. 
1740 Broadway, New York 19, N. Y. 
In Canada: 

Sylvania Electric (Canada) Ltd., 
University Tower Bldg., 

St. Catherine St., Montreal, P. Q. 


WRITE FOR NEW BOOKLET TODAY 
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SARGENT 


Motor-Stirred 5 Ampere 


Magnetically Stirred 15 Ampere 


Designed for continuous trouble-free performance, these 
electrolytic analyzers, manufactured by E. H. Sargent & Co., 
are durably constructed of the highest grade materials and 
component parts, including stainless steel front panel, cast 
aluminum end castings and stainless steel fittings. 

Completely line operated, the Sargent —s employ 
self-contained rectifying and filter circuits. The deposition 
voltage between the electrodes is adjusted by means of auto- 
transformers, with meters indicating volts and amperes and 
controls on the panel. An easily replaceable fuse guards 
against circuit overload. 

The Sargent-Slomin Analyzer stirs thorugh a rotating 
chuck operated from a capacitor type induction motor, motor 
having a fixed speed of 550 r.p.m. with 60 cycle A.C. current 
or 460 r.p.m. with 50 cycle A.C. current. Motors are sealed 
against corrosive fumes; are mounted on cast metal brackets, 
sliding on 2” square stainless steel rods, permitting vertical 
adjustment of electrode position over a distance of 4”. Pre- 
lubricated ball-bearings support the rotating shaft. 

The Sargent Heavy Duty Analyzer provides efficient stir- 
ring by the interaction between the cell current and the field 
established by a permanent magnet, tubular in shape and 
coaxial with the cell holder. 

The Heavy Duty has recessed wells to hold the sample 
beakers, wells being 614” deep, designed to contain 250 ml 
electrolytic beakers, The wall of each well serves as an inner 
wall of the water jacket, for use in either heating or cooling. 
Two serrated nipples for rubber tubing connections for cool- 
ing or heating water are mounted on the right end casting. 
In plain copper analysis, 1 gram of copper may be deposited 
in 15 minutes with an accuracy of approximately 0.05% 
without the necessity of special techniques. 

All electrolytic analyzers accommodate electrodes having 
shaft diameters no greater than 0.059 inch. Stainless steel 


spring tension chucks permit quick, easy insertion of the 
electrodes and maintain proper electrical contact. On the 
Heavy Duty Analyzer, the cathode chuck is eccentrically 
mounted, providing adjustability to accommodate electrodes 
up to 50 mm diameter. Special Sargent high efficiency elec- 
trodes are available for both analyzers. 

Analyzers are complete with cord and plug for attachment 
to standard outlets, For operation from 115 volt, 50 or 60 
cycle A.C. circuits. 


SARGENT-SLOMIN 


5 ampere 


HEAVY DUTY 


15 ampere 


Maximum D.C. current 
at each position 


Maximum D.C. voltage 10 volts 10 volts 
at each position 


Maximum power 150* or 300 watts 400 watts 
consumption 

Height 18 inches 20% inches 
Width 11%* or 21 inches 21 inches 
Depth 11% inches 11% inches 
Net Weight 35* or 61 pounds 80 pounds 


Shipping Weight 
*One position unit 


$-29459 ELECTROLYTIC ANALYZER — Motor Stirred, 


70* or 110 pounds | 130 pounds 


One Position, 5 Ampere, SARGENT-SLOMIN.......... $275.00 
$-29460 DITTO. But with adjustable sub-surface 
$300.00 


$-29464 ELECTROLYTIC ANALYZER — Two Position, 
SARGENT-SLOMIN 
$-29465 DITTO. But with two adjustable heaters, pilot 
lights and control knobs $475.00 
$-29480 ELECTROLYTIC ANALYZER — Heavy Duty, 
Magnetically Stirred, Two Position, 15 Ampere, Sargent 
(illustrated top, right)........... $575.00 


$57 
S ARG E N I SCIENTIFIC LABORATORY INSTRUMENTS + APPARATUS + SUPPLIES + CHEMICAL 


E. H. SARGENT & COMPANY, 4647 W. FOSTER AVE., CHICAGO 30, ILLINO! 
MICHIGAN DIVISION, 1959 EAST JEFFERSON STREET, DETROIT 7, MICHIGAN 
SOUTHWESTERN DIVISION, 5915 PEELER STREET, DALLAS 19, TEXAS 
SOUTHEASTERN DIVISION, 3125 SEVENTH AVE., N., BIRMINGHAM 4, AlA 


Catalog Ho. 100 


Now Auatable 


| HEAVY DUTY 
A} * | 
4 
— 4 
| 


The Power S upply of Tomorrow— Here Today 


RAPID GERMANIUM 


EFFICIENT * COMPACT + SEALED JUNCTIONS * LONG LIVED 


The features of new Rapid 
GERMANIUM Rectifiers are prov- 
ing to be the answer to many 


the of the electrochemical industry's 
the power problems. More than any 
rod other DC power supply, Rapid 
lec GERMANIUM Rectifiers answer 
the need for— 
ent 
60 
EFFICIENCY — 95% at full load 
ry VOLTAGE STABILIZATION — = 1 volt from no load to full load 
? COMPACTNESS — require much less space than conventional 
units 
SEALED JUNCTIONS — corrosion is kept out 
. PRECISE CONTROLS — oil immersed, fully motorized Inductrol 
3 controls, provide continuously variable control at the touch 
; of a button 
: LONG-LIFE — no aging or change in characteristics even after 
is accelerated full load tests 


Find out more about RAPID GERMANIUM RECTIFIERS, ‘‘the power 
supplies of tomorrow — here today". Write to Rapid Electric Co.. 
2881 Middletown Road, New York 61, New York. Ask for Bulletin CE-2 


THE NAME THAT MEANS You!” 
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Sure, were cost-conscious / 
Thats why were buying 
more KARBATE ‘equipment / 


© REASONS WHY “ KARBATE” IMPERVIOUS GRAPHITE 
PROCESS EQUIPMENT DOES THE BEST JOB IN CORROSIVE PROCESSES 


® Corrosion resistance ®@ Workability — readily fabricated and 


® immunity to thermal shock serviced in the field 


@ Sturdy, durable constructions 


® No metallic contamination 
® High thermal conductivity @ Standard stock units 


® Low first cost and low maintenance ®@ Complete technical service 


Manufactured only by NATIONAL CARBON COMPANY 


@ Only the unique combination of properties provided by “Karbate” brand im- 
pervious graphite can virtually eliminate corrosion, contamination and thermal 
shock from your processes. You'll be pleased with the hidden economies you realize 
after replacing hitherto “satisfactory” process units with ‘“Karbate” equipment. 


Let us bring you up to date on the latest designs in this outstanding material. 
And remember — your operating-cost sheets don’t have to be bad to be bettered! 
WRITE FOR LITERATURE! 

The term "Karbate” is a registered trade-mark of Union Carbide and Carbon Corporation 


NATIONAL CARBON COMPANY 
A Division of Union Carbide and Carbon Corporation, 30 East 42nd Street, New York 17, N. Y. 


Sales Offices: Atlanta, Chicago, Dallas, Kansas City, Los Angeles, New York, Pittsburgh, San Francisco 
In CANADA: Union Carbide Canada Limited, Toronto 


Pipe and Fittings—_ 
Catalog Section 
$-7000 
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Editorial 


Josiah Willard Gibbs and The Hall of Fame 


Wis T IS MEANT by the word “fame’’? Dictionaries list as definitions 
such phrases as lofty reputation and synonyms like renown, but they don’t seem to help much. 
The trouble is that there are many kinds of fame. It varies from “the bubble reputation,”’ to 
that which lasts centuries, such as that of Alexander the Great or of Mohammed. A bit fanci- 
fully we may think of fame as analogous to potential energy. It may be transformed into other 
forms quickly or slowly. And, like energy, fame may be considered to have intensive and exten- 
sive factors. Thus a person, or historic figure, may be widely known but may engage the interest 
of the general public very little. On the other hand, a man may have been known to a rela- 
tively small number of people during his lifetime and after his death but may have been and 
remain very important to those few people, and, through this selected and devoted few, may 
have great influence on the world at large. Thus the fame of Josiah Willard Gibbs may be said 
to have a high intensity factor and a narrow extensive range. 

Gibbs was, certainly, the greatest scientist that America has produced. A recent, and excel- 
lent, biography by Lynde Phelps Wheeler corrects the general notion that he was an unappre- 
ciated scientist, born out of his time. He lived by choice a quiet contemplative life and he re- 
ceived, before the end of his life, as much recognition as a man of his type would desire. His 
published papers had the profound attention and respect of the other great savants of his gen- 
eration. These included Maxwell, Boltzman, Ostwald, Lord Kelvin, J. J. Thompson, Nernst, 
and others. Michaelson looked to him as the man who would be most likely to explain his famous 
experiment with Morley, i.e., to discover relativity a quarter of century before Einstein did. 

Gibbs’ intensive fame is secure and growing. No books on thermodynamics, statistical 
mechanics, physical chemistry, or theoretical electrochemistry are written without reference to 
his fundamental work. However, few Americans even know the name of our greatest scientist. 
At very long last, Gibbs was elected to New York University’s Hall of Fame. There is a pedestal 
ready to receive a bronze bust, but so far it is empty. In spite of appeals, funds have been slow 
in coming in to pay the sculptor. A contribution to The Electrochemical Society Gibbs Fund 
will help rectify this matter and will do a bit toward giving an extra dimension to the fame of 
the man of whom the members of The Electrochemical Society should be especially proud, both 
as Americans and as practitioners of a science to which Gibbs contributed important funda- 
mental principles. —D. A. MacInNEs 
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Lightweight Cabinet for Electronic Brain: 


...made of magnesium 


Here’s why you, too, should consider using Dow Magnesium— 
* It’s light in weight, actually the lightest of all structural metals. 
* It has high strength and rigidity which permits simplifying your desig) 
for even further weight reduction. 
* Excellent weldability and ease of forming are just two of the many plu: 
values in fabricating magnesium. 


Now is the time to get complete details. From design to production is a lon 
trip—take the first step with the right metal! Investigate magnesium. Complete 
engineering and fabricating facilities are available at Dow’s Bay City 
Division as well as from other fabricators located throughout the country 
THE DOW CHEMICAL COMPANY, Magnesium Sales Department MA 306, 
Midland, Michigan. 


you can depend on DOW MAGNESIUM 
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Hans THURNAUER 


Hans Thurnauer 
Presidential Candidate 


Hans Thurnauer, Head of the In- 
organic Section of the Central Research 
Laboratory, Minnesota Mining and 
Manfacturing Company, St. Paul, 
Minn., has been a member of The 
Electrochemical Society since 1935. 
Born in 1908 in Nuremberg, Germany, 
he received his engineering degree in 
chemistry from The Charlottenburg 
Institute of Technology, Germany, in 
1930, and received his M.Se. degree in 
ceramic engineering, in this country, 
from the University of Illinois in 1931. 

After returning to Europe, he worked 
as ceramic research engineer in German 
and British plants until he made his 
permanent residence in the United 
States in 1935. From 1935 until early 
this year he was connected with the 
American Lava Corporation, Chatta- 
nooga, Tenn., manufacturers of tech- 
nical ceramics. 

Mr. Thurnauer served as a member of 
the Technical Industrial Intelligence 
Committee, investigating ceramic plants 
in Germany after the war. He is the 
author of numerous articles on technical 
ceramics and holds various patents in 
this field. He has been active in further- 
ing the interests of the Society in the 


Candidates for Society Offices—1956-1957 


C. GARDINER 


field of technical ceramics both for 
dielectric and high temperature ap- 
plications. He is a member of the 
Society’s Finance Committee and 
Perkin Medal Committee. 


William C. Gardiner 
Vice-Presidential Candidate 

William C. Gardiner was born in 
Exeter, Ontario, in 1904 and became 
a citizen of the United States in 1939. 
While he was an undergraduate at 
Queens University, Professor Dorrance 
persuaded him that power development 
on the St. Lawrence River would create 
a great demand for electrochemists. 
Accordingly he took a Master’s degree 
working on an electroplating problem. 
He continued his electrochemical train- 
ing at Princeton University under 
Professor G. A. Hulett. His thesis on 
the Weston Normal Cell was published 
in the Transactions of The Electro- 
chemical Society in 1929 and won for 
him the Society’s first award of the 
Young Authors’ Prize. 

Dr. Gardiner spent three years as a 
Research Chemist for Comstock and 
Wescott, Inc., in Niagara Falls, working 
on chlorine metallurgy. Since 1932 he 
has worked on electrochemical research 
and development for Mathieson Alkali 
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Works (now Olin Mathieson Chemical 
Corporation). His present position is 
Associate Director of Electrochemical 
Sngineering in the Research and De- 
velopment Division; his work has been 
with mercury type alkali-chlorine cells. 
He was active in the design, construc- 
tion, and initial operation of plants 
using Mathieson cells at Arvida, Que- 
bec, Saltville, Va., and MeIntosh, Ala. 
He was captain of the U. 8. chlorine 
industry team which toured German 
chlorine plants after World War IT and 
brought back working drawings and 
detailed operating instructions of the 
best practice there. He also worked on 
the development of a cell to produce 
magnesium and chlorine from hydrated 
magnesium chloride feed. These cells 
were installed at the Mathieson Mag- 
nesium Plant in Lake Charles, La., 
where he was Superintendent of the 
Electrolytic Department. He holds 
patents on brine treatment, mercury 
cells, and magnesium cells and has 
published papers of interest to the 
electrolytic chlorine industry. He acts 
as consultant on electrochemical prob- 
lems for several U. 3S. government 
projects. 

Dr. Gardiner joined The Electro- 
chemical Society in 1927 and has been 
active in the Niagara Falls Section, 
which he has served as Secretary-Treas- 
urer and Chairman. He also served on 
convention committees when the So- 
ciety met in the Buffalo-Niagara Falls 
area. He has been Chairman of the 
Industrial Electrolytic Division, and 
Divisional Editor of the JouRNAL since 
1950. He has also been a member of the 
Alkali-Chlorine Committee. 


John R. Musgrave 


Vice-Presidential Candidate 


John R. Musgrave, Chief Physicist 
in the Eagle-Picher Research Labora- 
tories at Joplin, Missouri, was born at 
Reading, Pennsylvania, in 1906. He 
received his degree in chemical engineer- 
ing at Lafayette College in 1927. 
Following a period of industrial research, 
he entered the graduate school of the 
University of Toronto. There he re- 
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Joun R. MusGRAve 


ceived the Ph.D. degree, majoring in 
physical chemistry, in 1933. Shortly 
after the completion of his graduate 
work, he became affiliated with the 
Eagle-Picher Research Laboratories, 
where he is, at present, in charge of the 
Physical-Chemical Section of the Labo- 
ratories. 

Dr. Musgrave’s research activities 
cover work on thermal insulation, 
storage batteries, paint, corrosion, in- 
strumentation, diatomaceous earth, and 
rare metals. He has been active in the 
development of high-purity germanium 
for semiconductor work, as well as 
gallium. He holds several patents and 
is the author or coauthor of technical 
papers on storage battery technology, 
particle-size determination (in the sub- 
sieve range), germanium, and gallium. 

Dr. Musgrave joined The Electro- 
chemical Society in 1941 and has been 
particularly active in the Battery and 
Electronics Divisions. He has been 
Secretary-Treasurer and Chairman of 
the Electronics Division and has partici- 
pated in the development of the rare 
metals and semiconductor symposia. 
He is at present a member of the 
Acheson Award Committee and the 
Chairman of the Membership Com- 
mittee. He is also a member of a 
number of other scientific organizations. 


Eugene Willihnganz 
Vice-Presidential Candidate 


Eugene Willihnganz was born in 
Beaver Dam, Wis., in 1903. He at- 
tended the University of Notre Dame 
where he studied organic chemistry 
under J. A. Nieuwland and did some 
of the early work on synthetic rubber 
derived from acetylene. He also com- 
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pleted the course in chemical en- 
gineering and graduated with an M.S. 
in 1925. After several years of in- 
dustrial research dealing with dyestuffs 
and their intermediates for the Caleo 
and Klipstein divisions of the American 
Cyanamid Company, he returned to 
school to study physical chemistry. He 
attended the Pennsylvania State Col- 
lege (now Pennsylvania State Uni- 
versity) where, under the direction of 
J. G. Aston, he helped set up the low 
temperature laboratory and establish 
the University temperature scale in 
terms of a helium gas thermometer 
down to the triple point temperature 
of hydrogen. He received the Ph.D de- 
gree in 1934. 

For the past 20 years he has been 
connected with the battery industry, 
first in charge of battery research for 
the National Lead Company and later 
as Director of Research for Gould- 
National Batteries, Inc., where at 
present he is Staff Consultant. 

Dr. Willihnganz has been active in 
the Battery Division of the Society 
since the Division was organized more 
than ten years ago, and has watched it 
grow into an important part of the 
Society. He has organized several 
highly successful symposia on battery 
problems, and was Division Chairman 
from 1952 to 1954. As a member of the 
Board of Directors he has taken an 
active part in managing the affairs of 
the Society. 

He has published a number of papers 
discussing storage battery reactions and 
has also supervised work on battery 
problems for the armed services. He is 
now trying to relate battery operating 
characteristics to the mechanism of 
electrode reactions, and admits that 
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there are still many unsolved problems 
facing electrochemists. 


DIVISION NEWS 


Electronics Division 


Semiconductor Symposium, 
May 1956 


The fourth annual Semiconductor 
Symposium of The Electrochemical 
Society will be held on April 29, 30, and 
May 1, 2, and 3, 1956 at the Mark 
Hopkins Hotel in San _ Francisco, 
Calif. This notice is an invitation to 
submit papers for presentation. Early 
plans are to divide the sessions as 
follows: 

(A) Two half-day sessions on semi- 
conducting materials—elemental,  al- 
loys, and compounds. 

(B) A half-day session on surface 
controlled phenomena. 

(C) A half-day session on chemical 
process technology. 

In each of the areas of interest we 
would like to present a balanced agenda 
including one review paper of the 
state of each field, 30-minute presenta- 
tions (including discussion time) of new 
information which can be scheduled by 
midwinter 1955, and a number of 
shorter presentations of about 10 
minutes’ duration of the “late news” 
type. 

If you wish to present papers, will 
you please notify the undersigned as 
follows: 

(A) Signify interest in participating 
and title of proposed paper as early as 
possible, no later than November 15, 
1955. Such information is needed for 
agenda planning purposes. 

(B) Submit an abstract of approxi- 
mately 75 words no later than January 
2, 1956. This abstract will be printed in 
the general program for the meeting. 

(C) Submit a second “extended ab- 
stract” of about 1000 words along with 
brief pertinent data, illustrations, 
curves, etc., not later than February 
1, 1956. This extended abstract is 
“printed, but not published” in a 
booklet ‘Enlarged Abstracts of Papers 
Presented by the Electronics Division” 
and is available at the meeting at cost. 

Plans for the ten-minute “late news” 
type of papers are as follows: 

(A) Notify the General Chairman 
(writer of this notice) as soon as it 
appears likely that you will be able to 
present a “late news’? paper, giving 
title or general area of interest. 

(B) Submit 75-word abstracts no 
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later than April 8, 1956. These titles 
and abstracts will not be in the Meeting 
Program or the Enlarged Abstracts, 
but arrangements will be made to have 
mimeographed copies available prior 
to the meeting. 
J. W. Faust, Jr. 
(1956 Chairman 
Semiconductor Symposium) 
Mailing Address: 
Westinghouse Research Laboratorise 
Beulah Road, Churchill Borough 
Pittsburgh 35, Pa. 


E & M Rare Earth Symposium, 
May 1956 


The Electrothermics and Metallurgy 
Division is soliciting papers for the 
April 29-May 3, 1956 Society Meeting 
in San Francisco. The subject of one 
symposium will be “Rare Earths.” 
Original papers are requested rather 
than reviews of previously reported 
studies. Also, a number of papers in the 
general field of chemical metallurgy are 
desired. 

Authors who wish to present papers 
should submit a 75-word abstract to 
W. H. Smith, General Electric Re- 
search Laboratory, P. O. Box 1088, 
Schenectady, N. Y., not later than 
January 2, 1956. 


SECTION NEWS 


Ontario-Quebec Section 


At a technical meeting of the Ontario- 
Quebee Section held at McGill Uni- 
versity on May 13, 1955, a total of 
75 members and friends of the Society 
attended a symposium on “Titanium.” 
Visitors were present from U. 8. points 
as well as from Ontario and Quebec. 

The Chairman, Dr. John Convey, 
explained that no formal papers were 
to be presented, but that each main 
speaker would outline developments 
in his particular field in as short a time 
as possible in order that the audience 
could participate in a general dis- 
cussion. Dr. Convey, in introducing the 
subject of “Titanium,” emphasized 
that the Canadian Government. is 
interested in fostering the growth of a 
completely integrated titanium in- 
dustry in Canada and has been assist- 
ing research in all phases. 

The first speaker, Dr. G. G. Hatch, 
covered the preparation and smelting 
of raw materials at Sorel, P. Q. He 
described the Q. I. T. process for 
smelting ilmenite to produce a 72- 
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74% TiOs slag and low carbon iron. 
The regular slag is used mainly for the 
production of paint pigments but an 
80% TiO: slag is made as a raw material 
for titanium metal producers. In view 
of the cost differential between Sorel 
slag and rutile as a raw material it is 
felt that the TiO, slag has great promise 
for this use, though some development 
work will be necessary to fully evaluate 
its economies. 

Dr. K. W. Downes described the work 
being done at the Mines Branch in 
Ottawa, particularly regard to 
developing «a commercial process to 
produce titanium metal by means of 
the reversible reaction 2TiCl, Ti + 
TiCl. TiCl is passed over titanium 
bearing sinter or aggregate at ele- 
vated temperatures and the TiCh is 
removed as a volatile liquid or vapor, 
leaving metallic titanium in the form of 
a fine pyromorphic powder. As_ the 
reaction is reversible, special equipment 
and techniques are needed for recovery 
of the products. Dr. Downes suggested 
that, in view of the suecess that has 
been achieved with the similar alumi- 
num reaction (Gross process), this 
method of producing titanium metal 
should hold promise. Dr. Downes 
noted that metal can be produced by 
dissolving TiCl, in fused sodium 
chloride and the metal plated out on 
nickel-plated iron cathodes, releasing 
TiClk, which is recycled. 

Mr. H. A. Timm of the Dominion 
Magnesium Company discussed briefly 
the general advantages of the oxide or 
direct reduction process. Starting with 
a pure oxide the metallic titanium may 
be alloyed with various metals and high 
titanium master batch alloys produced 
for addition to other metals. Mr. Timm 
claimed that alloys produced in this 
way could be produced as cheaply or 
cheaper than by starting with titanium 
produced by the Kroll process. Mr. 
Timm discussed the properties required 
in titanium alloys. He pointed out that 
in powder metallurgy applications the 
Domag powder could be prepared for 
use by crushing, whereas the malleable 
titanium produced by other methods 
could not. 

Mr. M. R. Fasken of the Shawinigan 
Water & Power Company described 
briefly Shawinigan’s method of produc- 
ing metal electrolytically by the elec- 
trolysis of TiC in a bath of fused 
chlorides. Shawinigan prepares TiCl, 
from Q. I. T. TiO: slag by conventional 
methods. Water white TiCl, is dissolved 
in a fused salt bath. Unfortunately, Mr. 
Fasken was not at liberty to do more 
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than say that electrolysis was carried 
out in a fused salt bath. He commented 
on the constantly changing Brinnell 
requirements for metal and stated that 
Shawinigan could produce metal of 110 
Brinnell. 

Dr. H. V. Kinsey of the Mines 
Branch, Ottawa, dealt with the effects of 
impurities in titanium metal. He gave 
permissible limits and pointed out that 
oxygen could only be lowered by 
dilution, whereas hydrogen can be 
removed by vacuum treatment. Oxygen 
and carbon are the most serious con- 
taminants. Dr. Kinsey gave the follow- 
ing limits for contaminants: Oo, 0.1% 
max.; N, 0.04% max.; Ho, 0.01% max.; 
C, 0.06% max.; Fe, 0.05% max. 

Dr. Convey commented that Ca- 
nadian universities were engaged in 
titanium research and mentioned par- 
ticularly that Laval University is doing 
work on TiO» in fused electrolytes, the 
University of Toronto on oxidation 
rates, and the University of British 
Columbia on titanium base alloys. 

Dr. Wurm of Laval University gave 
a short outline of the work on fused 
electrolytes. When lithium and calcium 
are added as chlorides, these metals are 
deposited before titanium. 

Following the above presentations, 
members of the audience participated in 
a lively discussion and question period. 

Prior to the technical meeting, the 
annual meeting of the Section was held 
at which the following officers were 
elected for the 1955-1956 season: 

Honorary Chairman—A. F. G. Caden- 

head 

Chairman—P. J. Ensio 

Vice-Chairman (Program)—A. C. 


Holm 

Vice-Chairman (Membership)—John 
Sumner 

Secretary-Treasurer—R. R. Rogers, 
568 Booth St., Ottawa, Ont., 
Canada 


Representatives on Council of Local 
Sections—P. J. Ensio and R. R. 
Rogers 
R. R. Rogers, Secretary-Treasurer 


PERSONALS 


Danie. D. is no longer with 
the Machlett Laboratories, Inc., Spring- 
dale, Conn., where he was a metallurgi- 
cal chemist in the x-ray and special 
electronic tube field. He recently estab- 
lished his own organization, known as 
The Precious Metals Platers, in Fair- 
field, Conn. The organization will offer 


955 
ctor 
‘ical 
and 
lark 
sco, 
1 to 
arly 
as 
| 
; no 
a 


2540 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


electroplating services to the instrumen- 
tation electronics fields, as 
specialists in the heavy precision elec- 
trodeposits of the precious and platinum 
group metals, silver, gold, palladium, 
and rhodium. 


Rvuerscui 


Paut Ruerscui, formerly of Scha- 
fisheim, Aargau, Switzerland, has joined 
the Research Dept. of the Electric 
Storage Battery Co. in Philadelphia, 
Pa., as a research physical chemist. 


Timo Heraa recently was advanced 
to production manager in charge of all 
processes at the Calvert City, Ky., 
works of the Pennsylvania Salt Manu- 
facturing Co. He had been area super- 
visor of the chlor-caustic and anhydrous 
hydrochloric acid plants. 


Ciarre H. Detroit Edison 
Co., Detroit, has been elected President 
of the American Society for Testing 
Materials for a one-year term, and F. L. 
LaQue, The International Nickel Co., 
Inc., New York, has been elected 
Director of the ASTM for a three-year 
term. 


M. TuHacker recently assumed 
charge of his new office with the 
Government of India as Director, 
Council of Scientific and Industrial 
Research, Delhi. He was _ previously 
Director of the Indian Institute of 
Science in Bangalore. 


Bernarp A. GruBer, formerly asso- 
ciated with the Ethyl Corp. in Baton 
Rouge, La., is now with the Research 
and Engineering Div. of the Monsanto 
Chemical Co. in Dayton, Ohio. 


Hans THURNAUER, previously vice- 
president and director of research at the 
American Lava Corp., Chattanooga, 
Tenn., has joined the Minnesota Mining 
and Manufacturing Co., St. Paul, Minn., 


as Head of the Inorganic Section of the 
Central Research Laboratory. 


WAYNE O. GRAFF 


Wayne O. Graff, Plant Manager at 
the General Electric Company’s Chem- 
ical Products Works in Cleveland, Ohio, 
died on Thursday, July 7, at the age of 
57 years. 

With 14 brothers and sisters, Wayne 
Graff grey up in New Philadelphia, 
Ohio. After receiving his degree in 
chemical engineering at the Carnegie 
Institute of Technology, he joined the 
Lamp Division of the General Electric 
Company at Nela Park, Cleveland, in 
1940. Following several engineering 
assignments at the Cuyahoga Lamp 
Works and at the Lamp Development 
Laboratory, he became Chief Quality 
Engineer in 1948 and later Plant 
Superintendent at the Chemical Prod- 
ucts Plant. In 1953 Mr. Graff was 
appointed Supervisor of Production and 
Personnel for the Parts Manufacturing 
Department of the Lamp Division. In 
January 1955 he returned to Chemical 
Products as Plant Manager. 

Mr. Graff was a member of The 
Electrochemical Society since 1941 and a 
former Chairman of the Cleveland 
Section. 

Surviving him are his wife, Lillian, 
and two young sons. 

His untimely passing brought to a 
close an all-too-brief, but promising, 
career. 


GAR A. ROUSH 


Gar A. Roush, Emeritus Member of 
the Society, died at his home in Arling- 
ton, Va., on August 16, 1955. He was 72 
years old. 

He was born in Gas City, Ind., in 
1883, and was graduated from Indiana 
University, later receiving the master’s 
degree from the University of Wiscon- 
sin. He joined the staff of Lehigh Uni- 
versity as Assistant Professor of 
Metallurgy in 1912 and was Associate 
Professor from 1920 to 1926. He was 
editor of The Mineral Industry, an 
annual published by McGraw-Hill Book 
Company, New York, from 1913 to 
1943. During World War I he served as 
captain in the Ordnance Department, 
U.S. Army, and later became major in 
the Staff Specialist Reserve. He was 
awarded the Toulmin medal of the 
Society of American Military Engineers 
in 1939. In 1943 he moved to Washing- 
ton, D. C., to become mineral tech- 
nologist in the U. S. Bureau of Mines, 
and at the time of his death was con- 
nected with the U. 8. Treasury Depart- 
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ment in the Bureau of Federal Supply, 
Strategic and Critical Materials Di- 
vision. 

Mr. Roush joined The  Electro- 
chemical Society in 1904 and was 
Assistant Secretary under Joseph W. 
Richards from 1912 to 1918. He was also 
a member of the American Institute of 
Mining and Metallurgical Engineers 
and the Society of American Military 
Engineers. He was the author of nu- 
merous scientific articles. 

He is survived by his wife, the former 
Lillian Coleman, and a sister, Stella, of 


Jonesboro, Ind. 


WENDELL MITCHELL LATIMER 


Wendell Mitchell Latimer, professor 
of chemistry at the University of 
California and chemical division diree- 
tor of the Atomic Energy Commission’s 
Livermore Laboratory, died on July 6, 
1955 at the age of 62. 

He was born in Garnett, Kan., and 
was graduated from the University of 
Kansas in 1915. He received his Ph.D. 
degree in chemistry at California in 
1919, at which time he joined the staff 
of the University of California in 
Berkeley. 

His early work with liquefied hydro- 
gen in low temperature thermodynamics 
was credited with inspiring the work 
which won a Nobel Prize for William 
Giauque. He was also credited with doing 
much to inspire Glenn Seaborg and 
Willard Libby in their discovery of 
methods for separating plutonium from 
uranium. He did much of the primary 
chemical research which produced the 
targets and bullets for Ernest O. Law- 
rence’s various atom smashing machines. 

Dr. Latimer had been a member of 
The Electrochemical Society since 1939. 


LETTER TO THE 
EDITOR 


Dear Sir: 

The theory of corrosion inhibition 
by strictly cathodic inhibitors described 
in my paper, “A Theoretical Basis for 
a New Method of Investigating Cor- 
rosion Inhibition,” in the April 1955 
JouURNAL can be extended to encompass 
inhibition by strictly anodic agents as 
well. This fact increases the usefulness 
of the theory, but at the same time 
disproves a conjecture made in the 
paper regarding composite anodic- 
cathodic agents. In the development 
that follows, equations and inequalities 
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bearing numbers less than 47 are identi- 
cal to the correspondingly numbered 
relationships in the above-cited paper. 
Those bearing higher numbers are new. 

It is easy to verify that in the j” 
local cell, 


+ = — Bs; [47] 


Combining equations (5) and (47) 


and differentiating, 


av = dR2; Ro; dl», 
—Wdl; [48] 

Define: 
ae + Io; Ox [49] 


Note that when the inhibitor under 
consideration is strictly anodic 7; is 
zero. Upon substitution of the value of 
dI.; given by the equation following 
(11) and the values of and 
given by (9) in equation (48); and 
then using the definitions of 7, and yp; 


given by (49) and (13), there results 
= —r;dx — + 
150] 
—W dl; 


By substituting first the value of dJ,, 
given by equation (17) and then the 
value of dl; given by equation (23), 
in equation (50) one can deduce the 
relationship: 


ol 
= — (>. + ax 


+ pjls(A; — 1) dH; 
+ (A; 1) — dls 


[51] 


This equation is completely equivalent 
to equation (24), but is expressed in a 
form more convenient for the present 
purpose. From equation (51) can be 
deduced immediately expressions for 
OV/dx and equivalent to 
equations (25) and (26). When y; is 
eliminated between these two expressions 
and the resulting relationship solved 
for 01,;/dx the result is an equation 
identical to (27) except that (A; — 1) 
replaces A; and 7; replaces ~;. From 
this an equation analogous to (39) 
can be derived; then essentially the 
same statistical argument that was 
used in the derivation of equation (40) 
yields the result: 


52 
ar & 
= 
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Equations (40) and (52) are completely 


equivalent. 
In the case of a strictly anodic in- 
hibitor, 7; = 0 for every value of j 


as was mentioned earlier. Therefore, 
for that type of agent, the second sum 
in the numerator of the right-hand 
member of equation (52) is zero. Also 
0 A; S1 implies -1 (4; 1) 
< 0; therefore | (A; — 1) | S1. These 
two facts together with equation (20) 
make possible the deduction of the 
inequality (43) from equation (52). 
Hence, that inequality, derived pre- 
viously for strictly cathodic inhibitors, 


also valid for strictly anodie in- 


hibitors. This means that in cases in 


| or 
which | Se | +| al, +H | 


is small 


the agent under test is neither a good 
strictly cathodic nor a good strictly 
anodic inhibitor. Therefore, if it is an 
inhibitor at all it must function both at 
the local anodes and local cathodes. 
It can also be shown by simple example 
that this result implies that the writer’s 
surmise that inequality (43) can be 
used to estimate the effectiveness of 
the “cathode component” of a com- 
posite anodic-cathodic inhibitor is in- 
correct. The method is applicable only 
to strictly cathodie and strictly anodic 
agents. 
James G. JEWELL 
Development Co. 
Pittsburgh, Pa. 


Gulf Research & 


BOOK REVIEWS 


THe ELEMENTS OF CHROMATOGRAPHY 
by T. I. Williams. Published by the 
Philosophical Library, Inc., New 
York, 1954. vii + 90 pages, $3.75. 
This slim volume presents a_ brief 

introduction to and survey of the cur- 

rent state of development of the chroma- 
tographic technique. The work is 
intended to “prove useful both to stu- 
dents in the universities, where chroma- 
tography is now finding a long overdue 
place in the syllabus, and to the post- 
graduate research worker who requires 

a general survey of the method as 

practiced today.” For such as these, 

this volume is heartily recommended. 

The author writes with an admirable 

clarity of style and felicity of expression, 

and the choice of figures and illustra- 
tions (seven in full color) is truly excel- 
lent. The printing is good, the paper is 
high quality, and there are very few 
typographical errors. 

Apart from a fine historical survey in 
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which the author provides a more real- 
istic assessment of the relative im- 
portance of the contributions made to 
this field by the several early workers 
than will be found in most other volumes 
on this subject, there is little in this 
book that will not be already familiar to 
the average research worker who has, 
over the past ten years, read several 
review articles or listened to occasional 
lectures dealing with chromatography. 
Adsorption, partition, and ion exchange 
chromatography are briefly described, 
and the general behavior of adsorbents 
and solvents is summarized. The ap- 
paratus and laboratory techniques in 
common use for colored and for color- 
less substances are presented, and the 
procedures available for development 
of the chromatogram are described and 
illustrated. The final chapter discusses 
the possibilities inherent in the adapta- 
tion of the chromatographic technique 
on an industrial seale. 

Because of its brevity, this work is 
recommended only to those who know 
very little about chromatographic tech- 
niques, but for this group it should serve 
as an excellent introduction to the sub- 
ject. It is regrettable that the inclusion 
of the aesthetically very pleasing chro- 
matograms in color has caused the 
purchase price of so small a book to be 
so high. 

S. Z. Lewin 


MANGANESE, Metallurgy of the Rarer 
Metals, Number 3, by A. H. Sully. 
Published by Academic Press Ine., 
New York, 1955. 305 pages, $6.50. 
It is surprising to find that a series 

on the metallurgy of the rarer metals 

includes a book on manganese. If we 
take price as a measure of rarity, then 
the approximately 30 cents per pound 
for manganese places it between mag- 
nesium and copper, neither of which is 
considered as particularly rare. Further- 


1956 BOUND VOLUMES 


Members and subscribers who 
wish to receive bound copies of 
Vol. 103 (for 1956) can receive 
the volume for the low, prepub- 
lication price of $6.00 if their 
orders are received at Society 
Headquarters, 216 West. 102nd 
St., New York 25, N. Y., by 
December 1. After that date 
members will be charged $12.00 
and nonmembers, including sub- 
scribers, $18.00. 
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more, it has been suggested that price 
reductions which would result from 
increased production would make man- 
ganese one of the least costly non- 
ferrous metals. The only justification 
for including manganese with the rare 
metals is that until about 15 years ago 
high-purity manganese metal was in- 
deed very rare. With the commercial 
exploitation of the electrolytic process 
developed at the U.S. Bureau of Mines, 
this last element of rarity has been 
eliminated. 

It is, in fact, the present availability 
of manganese that makes this book 
welcome at this time; since, by focussing 
attention on the metal and disseminat- 
ing the most recent information on its 
properties, new uses for it may be 
developed. Apart from its inclusion in a 
series on rare metals, the book itself is a 
valuable contribution to metallurgical 
literature. It is well written, succinct, 
and, for a comparatively small volume, 
contains a very thorough survey of its 
field. Where details have been omitted 
or cursorily treated, references are 
usually supplied in the adequate bibli- 
ography which concludes each chapter. 
Very few errors were noted by the re- 
viewer, though one is rather serious. 
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PQ Potassium Silicate Binders 
for all Picture Tube Formulas 


e Kasil 1 is a clear solution, molecular 
ratio 1:3.9, 28° Be. Its high quality is 
uniformly maintained. Excellent perform- 
ance with sodium and potassium sulphate. 
Kasil 22 also a specially clarified po- 
tassium silicate has a closely controlled 
ratio (molecular) of 1:3.4. Kasil 22 is 
adapted for formulas including barium 
salts which require less settling time and 
give good gel strength before baking. 
These electronic silicates are available 
for delivery in packages or in tank cars. 
In cold weather, drums are shipped in 
heated trucks and tank cars are specially 


insulated. 


PHILADELPHIA QUARTZ COMPANY 
1156 Public Ledger Bldg., Phila. 6, Pa. 


PQ Soluble Silicates 
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On page 67, in a discussion of the dif- 
ficulties in the electrowinning process 
for manganese, a misleading reason is 
given for the use of diaphragms in the 
electrolytic cells. It is stated that “It 
is necessary to use a diaphragm cell 
for the (electro) deposition since 
manganese cannot be leached from its 
ores by alkaline solutions and cannot 
be plated from acid solutions.’’ The 
preparation of suitable leaching and 
plating solutions may be readily ac- 
complished by proper pH adjustments 
at the correct stages of the process 
without the use of diaphragms. Ac- 
tually, diaphragms are used in the 
cell to prevent the anode sludge from 
being incorporated in the cathodes, and 
to minimize oxidation of the catholyte. 

Sully emphasizes that although man- 
ganese ores are abundant they are 
usually present in the wrong places with 
respect to their most important use, the 
manufacture of steel. In fact, the only 
important steel-making country which 
is independent of imported manganese 
is the U.S.S.R. The subject of this 
chapter is therefore of great political as 
well as technical interest. After observ- 
ing that about 70% of the manganese 
consumed by the steel industry is 
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excellent 


wasted, summaries of a 
number of processes for the recovery of 
manganese from slags are given. Also 
included are descriptions of processes 
for recovery of manganese from low 
grade ores. 

The two chapters on the physical 
properties of manganese and the con- 
stitution and properties of manganese 
alloys constitute over one-half the 
book and are exhaustive and critical 
compilations of available data. The 
complex crystal structures of the 
allotropic forms of manganese are 
particularly well treated. 


In the chapter on alloys, phase 
diagrams are reproduced and dis- 
cussed, and considerable  crystallo- 


graphic data are given for 45 binary 
alloys and 22 ternary alloys of man- 
ganese. The reviewer felt that, had 
space permitted, fuller treatment of the 
physical and mechanical properties of 
the alloys would have been desirable. 

In the last chapter of the book there 
are brief discussions of the workability of 
manganese, electroplating of man- 
ganese, vapor phase “manganization,” 
and oxidation of manganese at high 
temperatures. Since only ten pages are 
devoted to this final chapter its greatest 
value will probably be as a_ biblio- 
graphic source for these miscellaneous 
subjects. 

In general, this book contains much 
material not elsewhere available, except 
from the original literature in several 
languages, and will, in the reviewer's 
opinion, prove to be a valuable refer- 
ence work on the metallurgy of man- 
ganese. 

S. SENDEROFF 


SroraGe Barrerres, Fourth Edition, 
by George Wood Vinal. Published 
by John Wiley & Sons, Inc., 440 
Fourth Ave., New York, 1955. 446 
pages, $10.00. 

This new edition of the well-known 
treatise on secondary batteries is un- 
changed in scope. It approaches the 
subject of secondary batteries in the 
general fashion of the third edition, en- 
compassing the chemical and physical 
principles of battery operation, en- 
gineering applications, materials of 
manufacture, and manufacturing proc- 
esses, without becoming highly tech- 
nical. The most pronounced changes are 
the inclusion of a new short section on 
the silver-oxide secondary cell, the 
promotion of battery additives to 4 
chapter section, and the discussion of 
the new selenium and magnesium- 
copper sulfide rectifiers. 


/ 
| 
| 

| ba 


1955 


f a 
ry of 
Also 
esses 
low 


sical 
con- 
the 
itical 
The 
the 
are 


»hase 

dis- 
tallo- 
inary 
man- 

had 
of the 
es of 
rable. 
there 
ity of 
man- 
ion,” 
high 
ure 
satest 
iblio- 
neous 


much 
xcept 
-veral 
wer’s 
refer- 
man- 


lition, 
lished 
, 440 
». 446 


is un- 
the 
n the 
n, en- 
ysical 
, en- 
of 
proe- 
tech- 


res are 
ion on 

the 
to 4 
ion of 
esium- 


Vol. 102, No. 10 


In the 15 years since the previous 
edition was published the battery in- 
dustry has seen many new develop- 
ments, the impetus for these being given 
largely by military necessity. The 
dollar value of batteries manufactured 
has more than trebled since the 1925- 
1937 period. The nickel-cadmium bat- 
tery is being produced in this country, 
and the silver oxide cell is now used as 
a secondary cell. These and many 
other changes of a less major nature are 
considered. New research work has 
been recognized and is well referenced. 
Many new illustrations are included 
and the photographic reproductions are 
better. 

Some portions of the third edition 
have been omitted, but most of the 
material has been carried over, largely 
intact. Certain redundancies were 
eliminated. One misprint was noted. On 
page 34, in the discussion of the basic 
sulfates, the book states that the tetra- 
basic sulfate occurs at high temper- 
atures. While this is not untrue, it was 
meant to say that the dibasic sulfate 
occurs at high temperatures. 

To the man working in the research 
fields concerned, the treatment of the 
section on discharge mechanisms, grid 
corrosion and growth in the lead-acid 
cell, and measurement of battery re- 
sistance leaves something to be de- 
sired. That is to say, these areas are 
still either highly conjectural or open to 
interpretation. Adequate treatment of 
these topics is, however, outside the 
scope of the book, because highly 
technical discussion would be re- 
quired. 

The book remains perhaps the best 
general treatise in the secondary battery 
field. A newcomer to battery work could 
not do better than read and study this 
book for rapid orientation. It also serves 
as a very handy reference book for 
properties of battery materials and 
battery discharge characteristics. 

Joun J. LANDER 


NEWS ITEMS 


Sustaining Member 


The Carborundum Company, Niagara 
Falis, N. Y., has been reinstated as a 
Sustaining Member of the Society as 
of August 30. 


New Solvay Plant 


Solvay Process Division, Allied 
Chemical & Dye Corporation, has 
announced that it will shortly begin 


CURRENT AFFAIRS 


construction of a mercury cell chlorine- 
caustic soda plant on property recently 
purchased near Brunswick, Ga. The 700 
acre site is situated on the Turtle 
River, north of Brunswick. The new 
Solvay plant is expected to be in pro- 
duction by December 1956. 

Initially the plant will provide em- 
ployment for about 125 people and will 
have the capacity to produce 100 tons of 
chlorine and 125 tons of caustic soda per 
day. At full operation, annual sales 
value of products to be manufactured 
in the new plant would be in excess of 
$4,000,000. Electric power required 
for operations will be purchased from 
the Georgia Power Company. 


National Research Corp. 
Titanium Plant 


National Research Corporation has 
received a contract for $1,183,495 from 
the General Services Administration to 
finance construction and operation of a 
demonstration pilot plant for  pro- 
duction of titanium metal by a new 
non-Kroll process developed by the 
company. The plant, which is being 
designed for 1000 lb of metal per day, 
will be housed in a_ building being 
erected near the site of the company’s 
Equipment Division in Newton, Mass. 
The process, which has been in oper- 
ation on a small pilot plant scale in 
Cambridge for two years under a joint 
program with Monsanto Chemical 
Company, produces metal of high 
purity in crystalline form. 

Mr. James L. Vaughan, director of 
Process Engineering at National, will 
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be responsible for general supervision 
of the program. Dr. Wayne H. Keller, 
director of the Chemistry Department 
at National, will be in charge of plant 
operation. 


Perkin-Elmer Forms New 
Subsidiary 


The establishment of Nuclear Mag- 
netics Corporation as a new subsidiary 
of The Perkin-Elmer Corporation has 
been announced. 

The newly formed corporation will 
maintain executive offices and research 
and development facilities in Boston. 
Manufacturing operations will be trans- 
ferred to the parent corporation’s 
plant in Norwalk, Conn. 

The Nuclear Magnetics Corporation 
will market a complete line of nuclear 
magnetic resonance equipment. It has 
purchased the complete rights to the 
NUMAR line from Laboratory of 
Electronics, Inc., Boston, designers and 
manufacturers of electronic equipment. 


ASTM Committee on 
Electronics Materials 


A new committee on electronics 
materials was authorized by the Diree- 
tors of the American Society for Testing 
Materials in May to cover the field of 
materials for electron tubes and semi- 
conductor devices. 

The new committee, designated F-1 
on Materials for Electron Tubes and 
Semiconductor Devices, will be con- 
cerned with materials for electron tubes 
such as grid wires, cathodes, mica 


Physical Chemists, Electrochemists, 
or Chemical Engineers 


Physical Chemists, Electrochemists, or Chemical Engineers with 
training in physical chemistry wanted for research and development. 
Work will involve laboratory studies of the fundamentals of corro- 
sion chemistry, and analysis of practical corrosion problems that 
arise in all phases of the petroleum industry. Interest both in fund- 
amentals and in engineering applications necessary. Corrosion ex- 
perience and knowledge of statistics helpful but not required. 


Address: GULF RESEARCH & DEVELOPMENT COMPANY 
P. O. Drawer 2038 
Pittsburgh 30, Pennsylvania 
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stampings, glass-to-metal seals and 
luminescent materials used in cathode 
ray tubes and in fluorescent lighting. 
In view of its concern with many dif- 
ferent materials, the new committee 
will be working closely with several 
other technical committees of the 
Society. 

The new committee was created from 
a nucleus consisting of Subcommittee 
VIII on Metallic Materials for Radio 
Tubes and Incandescent Lamps of 
Committee B-4 on Metals for Elec- 
trical Heating, Electrical Resistance, 
and Electronic Applications, which 
had for some time carried out consider- 
able research and developed a number 
of standards on materials for electron 
tubes. It was obvious that with the 
expanding use of these materials a new 
committee with a scope covering 
electronic materials was _ desirable. 
Committee B-4 on Metallic Materials 
for Electrical Heating, Electrical Re- 
sistance, and Electrical Contacts will 
continue with a reduced scope. 

The officers of Committee F-1 are: 
S. A. Standing, Chairman, Raytheon 
Manufacturing Co., Quincy, Mass.; 
F. J. Biondi, Vice-Chairman, Bell 
Telephone Labs., Murray Hill, N. J.; 
and Umbreit, Secretary, RCA 


Victor Div., Radio Corp. of America, 
Harrison, N. J. The new committee 
held its first official meeting on June 
27 and 28 on the occasion of the 
Society’s 58th Annual Meeting at 
Atlantic City, N. J. Mr. Standing and 
Mr. Umbreit were Chairman and 
Secretary, respectively, of Committee 
B-4. 


Silicon Power Rectifier 


Bell Telephone Laboratories _ re- 
cently announced the development of a 
silicon power rectifier capable of oper- 
ating at currents 5000 times greater 
than conventional rectifiers of the same 
size. Two of these units, each the size 
of a pea when mounted on a cooling 
fin, can act as a full wave-rectifier 
providing more than 20 amperes of 
direct current at 100 volts, an output 
of 2000 watts, with only 20 watts lost 
as heat. The active portion of each unit 
is a silicon wafer one-tenth of an inch 
square and 5 mils thick. 


“Atoms-for-Peace” Parley 


U.S. and foreign engineers, scientists, 
and industrial representatives from 24 
business and technical societies, 16 
universities, 13 government bureaus 


to: 


Electrochemist or 


Electrochemical Engineer 


Major supplier of graphite requires experi- 
enced man as project leader for research and 
development work on the use of graphite in 
electrolytic processes. Prefer someone with ex- 
perience in laboratory or plant development of 
electrolytic cells operating on aqueous systems. 
Minimum of B.S. degree in chemistry, chemical 
engineering, or electrochemical engineering re- 


quired. Submit full details of your qualifications 


Great Lakes Carbon Corporation 


c/o L. H. JUEL 
P.O. BOX 637 
NIAGARA FALLS, NEW YORK 


October 1955 
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and AEC contractors, and 34 major 
U. S$. industrial corporations — will 
present nearly 300 papers in 50 sessions 
in one week covering practically every 
phase of peacetime uses of atomic 
energy and its by-products at the 
Nuclear Engineering and Science Con- 
gress in Cleveland, December 12 
through 16. 

Coordinating the arrangements for 
the Congress is the Engineers Joint 
Council under the leadership of Thorn- 
dike Saville, Dean of the College of 
Engineering, New York University, 
and President of EJC. 


Volumes Wanted 


Will anyone who has a copy he no 
longer needs of Vol. 86 (1944) and 92 
(1947) of the Transactions please con- 
tact Toshio Keta, 4307 Sheridan St., 
University Park, Hyattsville, Md. 


EMPLOYMENT 
SITUATIONS 


Please address replies to box shown, 
% The Electrochemical Society, Inc., 
216 W. 102nd St., New York 25, N. Y. 


Positions Wanted 


Cuemist, 36, 11 years’ experience, 
including batteries, electroplating, gen- 
eral physical and chemical commercial 
testing, seeks New Jersey, Philadelphia, 
New York City position. Reply to 
Box 357. 


CuemicaL ENGINEER, 40, B.S. de- 
gree, 14 years’ experience, including 
materials engineering and research, 
electrodeposition processes, product en- 
gineering and development work in- 
volving capacitors. Reply to Box 358- 
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SO LYOHS 


Formation of Manganese(II) lon in the Discharge 


Manganese Dioxide Electrode’ 


A. M. CureirzBerG, Jr., D. R. ALLENSON, AND W. C. VospurGu 


Duke University, Durham, North Carolina 


ABSTRACT 


In the discharge of electrodeposited manganese dioxide electrodes in ammonium 
chloride electrolyte at pH 7, very little manganese(II) ion enters the solution during 
the first third of the discharge, but it appears at an increasing rate thereafter. The 
effects of current density, pH, ammonium chloride concentration, and interruption 
of the discharge were studied. A mechanism is suggested involving the assumptions 
that the electrode reaction takes place on the exterior surface of the manganese di 
oxide and that the primary product is a lower oxide, which reacts with the electrolyte 
to give the manganese(II) ion formed. Additional evidence is presented for the first 


assumption. 


INTRODUCTION 


It was shown (1, 2) that manganese(II) ion is a 
product of the discharge of the manganese dioxide 
electrode. With a large volume of electrolyte and 
low pH (less than 4) it may be the only manganese- 
containing product (1). When electrodes made by 
electrodeposition of manganese dioxide on graphite 
are discharged at pH 7, the ion is produced in con- 
siderable quantity, but the main product is an oxide 
(2). When the discharge is continued to a cut-off 
value of zero against the saturated calomel electrode, 
the oxide has a composition of about MnO; . 

Two different hypotheses may be made concern- 
ing the mechanism of manganese(II) ion formation: 
(A) the ion is the primary product of the electrode 
reaction, and it may take part in a secondary reac- 
tion with manganese dioxide, giving the oxyhy- 
droxide, MnOOH (1); (B) a lower oxide is the pri- 
mary product, and this reacts with the electrolyte, 
giving manganese(II) ion and a higher oxide in aec- 
cordance with one of the following equations: 


2MnOOH + @ + MnO, + 2H,0 (I) 
Mn,0, + 2H*+ @ Mn*+ + 2MnOOH 


Formation of manganese(II) ion was investigated 
further with results that are in better accord with the 
second hypothesis. Results can be correlated with the 
theory of the reaction mechanism previously pro- 
posed (3). 


EXPERIMENTAL 


Electrodes were prepared by electrodeposition of 
Manganese dioxide on graphite rods of 0.48 cm 
‘Manuscript received October 18, 1954. This paper was 


prepared for delivery before the Boston Meeting, October 
3 to 7, 1954. 
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diameter and 8 em? surface area from an acid 
sulfate bath at 75°-90°C for 30 min with a current 
of 25 ma (3). This procedure gave a deposit with 
about 0.2 millimole of total manganese (2). The 
electrodes were washed thoroughly with water (2) 
and kept immersed in a solution of 2M ammonium 
chloride and 0.5M ammonia (pH = 8.8) for a week. 
They were then stored until used in the electrolyte 
to be used in the cells. 

For discharge, an electrode was mounted in a 
central position in a glass vessel of 200-ml capacity 
with a cylindrical silver anode fitted around the in- 
side wall. This had been coated with silver chloride 
in previous work. A Luggin capillary with its tip at 
a distance from the electrode approximately two to 
four times the tip diameter (4) allowed measurement 
against a saturated calomel reference electrode. Ex- 
cept as otherwise noted, the electrolyte was 190 ml 
of 2M ammonium chloride solution containing 
enough ammonia to give a pH of 7.3, about 0.01 
mole/1. 

For regulation of the temperature during dis- 
charge, the cells were placed in a test cabinet main- 
tained at 25° + 0.5°C. Purified nitrogen that had 
been washed with some of the electrolyte was passed 
through the cell electrolyte during discharge to pro- 
vide an inert atmosphere and for stirring. Occasional 
checks of the pH showed that no appreciable changes 
occurred. 

Electrodes were discharged by passage of an ap- 
proximately constant current through the cells. 
Current was measured in terms of potential drop 
across a known resistance. Current and potential 
against the calomel electrode were measured and re- 
corded continuously during a discharge by a L&N 
Speedomax, 21, 22 recording potentiometer. 

Samples of the electrolyte of 10 ml each were 
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taken at intervals during the discharge and replaced 
with equal volumes of fresh electrolyte to keep the 
total volume constant. Manganese was determined 
in each sample colorimetrically as permanganate 
after evaporation with sulfuric and nitric acids and 
oxidation with periodate. At the end of the discharge 
manganese was titrated potentiometrically in the 
entire electrolyte, after addition of pyrophosphate. 
The two methods agreed satisfactorily. In calculat- 
ing the manganese(II) ion produced in the discharge, 
correction was made for the manganese content of 
the samples removed. 

Some of the discharges were allowed to proceed 
continuously to the end, and some were interrupted 
at intervals. In the latter case, a sample was taken 
immediately after each interruption and another 
after the cell had stood on open circuit for 24 hr. 
The circuit was kept open for 24 hr after each inter- 
ruption, then the discharge was continued. Some 
similar discharges, but without the manganese de- 
terminations, were made by Ferrell and Vosburgh 
(3) and the results are shown in their Fig. 6 and 7. 
The present data were quite similar. 


RESULTS AND DiIscuUSSION 


The amounts of manganese(II) ion formed in 
several discharges are shown in Fig. 1. The manga- 
nese ion found in the electrolyte, in hundredths of 
millimoles, is plotted against the amount of discharge 
in milliampere-minutes. It can be seen that at pH 5 
in the presence of zinc the formation of manga- 
nese(IT) ion starts at the beginning of the discharge 
and continues at a slowly increasing rate throughout. 
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Fic. 1. Manganese(II) ion formed during the discharges 
of manganese dioxide electrodes. O—Interrupted discharge 
with ZnCl, at pH 5, current density 0.1 ma/em?; 0 and §- 
two similar interrupted discharges at pH 7.3 showing re- 
producibility, 0.1 ma/em?; A—interrupted discharge at 
pH 7.3, 0.4 ma/em?; @—continuous discharge at pH 7.5, 
0.025 ma/em?; A—continuous discharge at pH 7.4, 0.05 
ma/em?, 
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TABLE I. Total manganese(II) ion produced in various 
discharges; pH 7 


Manganese(II) ion 

Current Capacity Type of discharge 

Observed | Calculated* 
ma/cm? | ma-min mmoles mmoles 
0.025 400 Continuous 0.100 0.125 
0.05 400 Continuous 0.074 0.125 
0.1 383 Continuous 0.055t | 0.119 
0.2 358 Continuous 0.039 0.112 
0.4 | 346 Continuous 0.033 0.108 
0.025 367 Interrupted 0.098 0.114 
0.1 350 Interrupted 0.108 0.109 
0.1 290 Interrupted 0.066 0.090 
0.4 | 393 | Interrupted | 0.100 0.122 


0.4 320. | Interrupted | 0.064 | 0.100 


* Calculated from the capacity as if manganese(II1) ion 
were the only product. 

t+ Ammonium sulfate electrolyte. 

At pH 7 without zinc, no measurable manganese(II) 
ion was found in the electrolyte until after 100 ma- 
min. Manganese(II) ion was formed at an increasing 
rate throughout the remainder of the discharge. 

On the curves for interrupted discharges, two 
manganese ion values are usually given for each 
milliampere-minute value, with the curve passing 
between them. The lower of the two manganese ion 
values is the amount found immediately after break- 
ing the circuit, and the higher is the amount found 
24 hr later, the circuit having been open and the 
nitrogen atmosphere maintained during the 24 hr. 
In interrupted discharges the manganese ion con- 
centration nearly always increased during the period 
of open circuit, and a decrease was never observed. 

Data of Fig. 1 are typical. Several other discharges 
agreed with those shown, but were omitted from Fig. 
1 to avoid confusion. Total amounts of manganese 
in solution at the ends of the discharges, current 
densities, and capacities for the discharges at pH 7 
are given in Table I. 

In the last four lines of the table the reproducibility 
appears poor, but the lower amounts of manganese 
were obtained from electrodes giving abnormally low 
electrical capacities. Up to the points at which these 
latter electrodes became discharged, they agreed 
fairly well in manganese in solution with their dupli- 
cates. This is shown for the 0.1 ma/em? discharges 
in Fig. 1. 

The last column of Table I shows how closely the 
amount of manganese(IT) ion formed approaches the 
amount calculated as if this were the only product. 
In one of the interrupted discharges practically 
the theoretical amount was formed. In the other 
discharges 30-86% of the theoretical amount was 
formed. Some discharges at pH 5 which were cut off 
at 125 ma-min gave an average of 0.040 + 0.002 m 
mole of manganese(II) ion with no regular variation 
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with current density (theoretical amount, 0.039 m 
moles). 

Fig. 1 and Table I show that the more rapid con- 
tinuous discharges gave less manganese in solution 
than the slower ones. Also, more manganese was 
formed in solution by the interrupted discharges 
than in all but the slowest continuous ones. 

Absence of manganese(II) ion in the electrolyte in 
the first part of the discharge at pH 7 suggests that 
an oxide is the primary product of the discharge. 
The manganese(II) ion may be assumed to be formed 
by reaction of the oxide with the electrolyte when 
conditions are favorable. 

Because of the importance of this conclusion an 
additional check in the early part of a discharge was 
made with more efficient stirring of the electrolyte. 
With stirring by a magnetic stirrer, no manganese(II) 
ion was detected after 20 ma-min of discharge, and a 
faint trace, about 2 X 10-*M, was present after 
40 ma-min. 

Another check on the above theory is to inquire 
whether the lower manganese oxides, especially the 
oxyhydroxide and trimanganese tetroxide, do in fact 
react with an ammonium chloride solution of pH 7 
or above. Samples of these two oxides prepared by 
precipitation (5) and having nearly the correct 
composition were available. These were washed re- 
peatedly by stirring with water and decantation (as 
the analytical samples had been washed when the 
composition was determined) until excess manga- 
nese(II) salts were removed and a colorimetric test 
for manganese gave constant results with further 
washing. Then water in which the oxyhydroxide had 
been stirred for some time gave no trace of manga- 
nese in the test, while water stirred with trimanga- 
nese tetroxide for 2 hr gave a faint trace. On stirring 
with 1M ammonium sulfate (of pH 7.0) the oxy- 
hydroxide gave a trace of manganese, about 7 X 
10-*M, and the trimanganese tetroxide gave 1.2 X 
10M after 2 hr stirring. The latter increased 
further with time. These experiments were carried 
out at about 30°C. 

Reaction of trimanganese tetroxide with an am- 
monium sulfate solution seems to be slow. It may be 
assumed that the similar formation of manganese(II) 
ion from a reduced manganese dioxide surface is also 
slow. This suggests an explanation of some of the 
above observations. More manganese(II) ion is 
formed in a slow, continuous discharge than in a fast 
one because there is more time. The amount dis- 
solved is not proportional to time because the 
closed-circuit electrode potential is higher in the 
slower discharges, corresponding to less reduction at 
the surface. More manganese(II) ion is dissolved in 
intermittent discharges than in continuous, because 
the dissolving process goes on during the period of 
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interruption, or at least during the first part of the 
period. On prolonged standing on open circuit the 
process should be reversed; equilibrium conditions 
require that at pH 7 the manganese(ITI) ion return 
to the electrode. 


MnO, + Mnt*+ + 20H- — 2MnOOH_ (IIT) 


The theory of the discharge can now be made a 
little more detailed. In the early part of a discharge 
at pH 7, and in the absence of zine ion, the primary 
reaction product is probably manganese(III) oxy- 
hydroxide. It is probable that this is formed on the 
exterior surface of the manganese dioxide. Later in 
the discharge the oxyhydroxide is reduced further. 
Reduction of part of the manganese(III) ions at the 
surface to manganese(II) (with an accompanying 
decrease of oxide ion, or change to hydroxide) 
would give a surface resembling that of trimanga- 
nese tetroxide, subject to attack by the electrolyte. 

When the circuit is broken in the latter part of the 
discharge, the electrode still has on its surface some 
manganese(II) ions which may disappear in two 
ways. (A) They may go into solution, accompanied 
by oxide or hydroxide ions. This would account for 
the increase in manganese(II) ion in the solution 
after the breaking of the circuit. (B) They may be 
oxidized to manganese(III) ions by the dioxide and 
may then diffuse into the interior of the oxide layer. 
In the early part of the discharge the diffusion 
process is the only one in operation on breaking the 
circuit. 

At pH 5 an ammonium salt solution can react 
with manganese(III) oxyhydroxide or mixtures of 
this with dioxide to give manganese(IT) ion in solu- 
tion (5). The favorable effect of the higher hydrogen 
ion activity on this reaction is apparent from equa- 
tion (I). Therefore, in a discharge at pH 5, manga- 
nese(II) ion appears in the solution soon after the 
beginning. 

In addition to the discharges shown in Table I, 
three continuous discharges in 4M, 2M, and 1M 
ammonium chloride electrolytes, all of pH 7, gave 
totals of 0.054, 0.038, and 0.021 mmole of manga- 
nese(IT) ion, respectively. 

Ferrell and Vosburgh (3) assumed that the dis- 
charge reaction of electrodes of the type used in the 
present investigation takes place at the inner surface 
of the manganese dioxide, next to the graphite. Their 
theory is not dependent on this assumption, and it 
now seems much more probable that the reaction 
takes place on the outer surface, and the electrode 
potential is determined by the composition of the 
outer surface. The formation of manganese(IT) ion is 
best understood if it is assumed that the reaction 
takes place at the surface exposed to the solution. 
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Fic. 2. Five successive 20 ma-min discharges followed 
by recovery periods, showing effect of pyrophosphate 
treatment immediately after discharge (A, D, and G) and 
on electrode at equilibrium (C and F); B and E are con- 
trols. 


An experiment was undertaken to provide additional 
evidence on this point. 

An electrode was discharged in 1M ammonium 
sulfate containing 0.01M ammonia, pH 7.0, against 
a lead anode in the usual way for about 20 ma-min at 
1.6 ma. Then the circuit was broken, and the elec- 
trode was quickly transferred to a 1M ammonium 
sulfate solution containing sodium pyrophosphate at 
a concentration of 0.08M and having a pH of 7.0. 
It was kept in this solution 2 min while the solution 
was stirred mechanically at the same rate as during 
the discharge. After a quick washing with electro- 
lyte, the electrode was replaced in the discharge 
vessel, and the record of its potential continued. The 
record of the discharge and recovery is shown in 
Fig. 2A. After complete recovery, a second discharge 
and recovery were carried out without the pyro- 
phosphate treatment, as a control (Fig. 2B). It is 
evident from Fig. 2A and 2B that the pyrophosphate 
treatment after the first discharge accelerated the 
recovery from polarization. This behavior was prob- 
ably the result of the extraction of some lower oxide 
from the electrode surface by the pyrophosphate. 
Following recovery from the second discharge, a 
pyrophosphate treatment similar to that following 
the first discharge was given (Fig. 2C). This delayed 
pyrophosphate treatment caused a small increase in 
potential followed by a decrease to a value slightly 
above the constant value preceding the treatment. 

In two more 20 ma-min discharges on the same 
electrode the hastening of the recovery after a pyro- 
phosphate treatment immediately following dis- 
charge was observed to an increasing extent (Fig. 
2D and 2G). In the last discharge the potential im- 
mediately after pyrophosphate treatment was de- 
creasing, followed later by an upturn in the recovery 
curve. The two treatments described above were 
separated by a 20 ma-min discharge followed by 
normal recovery and subsequent pyrophosphate 
treatment (Fig. 2E and 2F), the latter causing a 
somewhat larger temporary increase in potential 
than that of the previous delayed treatment. 
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The amount of manganese(II) and (III) ion that 
had dissolved in each of the pyrophosphate treat- 
ment solutions was determined and found to increase 
from the first to the third to the fifth solution, and to 
be present in much smaller and about equal amounts 
in the second and fourth solutions. A series of experi- 
ments similar to the above with a second electrode 
using ammonium chloride electrolyte gave com- 
parable although less pronounced results, with 
practically no effect of the pyrophosphate treatment 
evident until the third in the series, comparable to 
Fig. 2D. 

The use of pyrophosphate ion was based on its 
ability to form complex ions with manganese(II) 
and (III) ions. A brief treatment with pyrophosphate 
must extract lower oxide from the exterior surface. 
This causes an increase in electrode potential on an 
electrode which had previously been at equilibrium, 
when it contains sufficient lower oxide. When a 
freshly discharged electrode is treated with pyro- 
phosphate, increase in potential and amount of 
manganese extracted is larger than for an electrode 
at equilibrium, indicating that there must be more 
lower oxide on the outside surface of the polarized 
electrode. The small decrease in potential following 
the last pyrophosphate treatment (Fig. 2G) is 
caused by the removal of sufficient lower oxide from 
the surface layer to make it richer in dioxide than 
the layer immediately beneath it, and diffusion of 
lower oxide at first takes place toward the outer 
layer. 

A different experiment led to similar conclusions. 
An electrode was placed in 2M ammonium chloride 
electrolyte of pH 7.1 containing 10-*N hydrogen 
peroxide. The solution was stirred, and the electrode 
potential was measured continuously. The potential 
dropped rapidly at first and then more slowly as in 
a normal discharge. After 37 min the electrode was 
quickly transferred to another vessel containing 
identical electrolyte but without hydrogen peroxide. 


POTENTIAL ,MV. 

8 


TIME MINUTES 


Fic. 3. A chemical discharge by the action of HO, in 
NH,Cl electrolyte on MnO: electrode at 30°C. A-B, Elee- 
trode in 2M NH,CI, 0.01M NH,OH, pH 7.11; B-C, electrode 
in 2M NH,Cl, 10°°N H.O-, pH 7.12; C-D, electrode in 2M 
NH,Cl, 0.01M NH,OH, pH 7.12. 
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The potential started to rise and followed a curve 
resembling that of recovery from polarization, as 
shown in Fig. 3. Since hydrogen peroxide in am- 
monium chloride solution reduces manganese di- 
oxide, this experiment is in agreement with con- 
clusions that the discharge reaction takes place at 
the exterior surface and that the electrode potential 
is determined by the composition of the exterior 
surface. 
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In a previous paper (1), several experiments on 
passivation of evaporated iron films established that 
a certain amount of iron reacts rapidly with con- 
centrated HNO; before the reaction is retarded. Pre- 
exposure of the iron films to oxygen, carbon mon- 
oxide, or dilute potassium dichromete solution 
appreciably reduced the initial amount of iron re- 
acting. This was explained in terms of local action 
currents on the iron surface serving to polarize anodic 
areas. The above substances adsorbed on iron in- 
crease the effective cathodic area, thereby increasing 
the anodic current density. It was observed, corre- 
spondingly, that external anodic polarization of iron 
in nitric acid decreased the amount of iron reacting 
before passivation. Continued investigation along 
similar lines is reported herewith. These results, com- conduits without exposure to air. 
bined with important contributions to the subject 
by Bonhoeffer and co-workers (2), provide a clearer 
interpretation of the passivation mechanism by 
nitric acid than has been available heretofore. The 
process apparently is not so simple as the formation 
of a barrier film of ferric oxide. 


‘1 Manuscript received January 31, 1955. This paper was 
prepared for delivery before the Boston Meeting, October 
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Nature of the Passive Film on Iron in Concentrated 


Nitrie Acid' 
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ABSTRACT 


The film responsible for passivity when iron is immersed in concentrated nitric acid 
is shown to be ferric acid or a related higher valence iron compound. This was proved 
(a) by demonstrating formation of chromates when a 2.84% Cr-Fe alloy is passivated, 
(b) by showing complete suppression of the iron-nitric acid reaction when iron is pre- 
viously immersed in potassium ferrate solution, and (c) by immersing passive iron in 
NaOH solution and observing higher valence iron compounds displaced from the sur- 
face by adsorbed OH-. The maximum of 2 X 10-* mole ferric acid/em? that was found 
is the same order of magnitude as moles chromate adsorbed on iron from chromate 
solutions as reported by other investigators. This amount of ferric acid, when it de- 
composes, is calculated to form a film of ferric oxide 40-125 A thick, which thickness 
range agrees with that of residual oxide films on passive iron measured previously by 
others. 

The higher valence iron compound forms at anodic areas of the iron surface during 
the iron-nitric acid reaction. When sufficient local concentration is achieved, the com- 
pound adsorbs (chemisorbs) on iron, satisfies metal surface affinities, and is itself 
stabilized against decomposition by adsorption. The metastable compound breaks 
down by cathodic reduction, mechanical shock, or presence of halide ions, the latter 
either displacing the adsorbed compound or hastening its decomposition. The roles 
of urea and hydrogen peroxide in nitric acid are discussed. 


INTRODUCTION EXPERIMENTAL PROCEDURE 


562 


Experimental techniques were essentially the 
same as those employed by Gatos (1). Two types of 
iron surfaces were utilized; in one case by evapora- 
tion of iron onto glass, and in the other by employing 
Armco iron foil. Evaporated films were prepared by 
heating in vacuum either pure iron wires of 0.040-in. 
diameter, or by wrapping iron wire on electrically 
heated tungsten filaments of 0.025-in. diameter. The 
iron vapor was condensed on slowly rotating glass 
cylinders 35 mm long and 4 mm in diameter. The 
coated cylinders were then removed magnetically 
from the evaporation chamber and sealed off in glass 
tubes, or, when surface area determinations were 
made, the cylinders were transferred to another por- 
tion of the vacuum system through glass tube 


Absolute surface area measurements were made on 
a number of such films by the B.E.T. method (3) 
in which ethane was adsorbed on the metal at liquid 
oxygen temperatures (— 183°C). Use of ethane per- 
mitted surface area measurements on specimens 
having as little as 100 cm? of absolute surface. It was 
found that relatively smooth films, of roughness 
factor 1.7, were obtained from iron-wrapped tungsten 
wires, whereas films of greater absolute surface were 
formed by evaporation from iron filaments (rough- 
ness factor = 5-11). Apparently, the lower deposi- 


Vol. 


= 
| 
Nat 
Wes 
Mal 
Wes 
Wee 
Wes 
: Wes 
tiot 
sin 
reg 
tur 
use 
of 
Lit 
val 
em 
ing 
in 
suc 
Sp 
nig 
ab) 
sol 
ey! 
Wi 
ph 
scl 
cy 
H. 
bo 
a 
th 
th 
sp 
te: 
qu 
sh 
re 
Py 
ire 
3 to 7, 1954 th 


Vol. 102, No. 10 PASSIVE FILM ON IRON IN NITRIC ACID 563 


TABLE I. Effect of source of iron, Nz and O2 exposure, and absolute surface area on amount of iron reacting 
with HNO;. Sp gr 1.43 


Area of evaporated iron film on glass = approx. 4.2 cm? 


Source of iron Original thickness® Exposure of film before reaction Mg cm? 
National Bureau of Standards. 10 1700-2680 Vacuum 0.092 + 0.019 
Westinghouse (Puron)........ 13 2320-3400 Vacuum 0.095 + 0.013 
3 Mallinckrodt................. 5 2350-2400 Vacuum 0.0900 + 0.006 
Westinghouse (Puron)........ 5 1980-4330 (Rough- | Vacuum 0.108 + 0.012 
ness factor = 8.7-10.8)t 
Westinghouse (Puron)........ 9 1940-2500 1 atm O:, 30 min 0.040 + 0.008 
Westinghouse (Puron)........ 8 Approx. 2000 1 atm O:, 30 min subsequent 0.043 + 0.011 
evacuation 
Westinghouse (Puron)........ 6 Approx. 2000 | 1 atm Nz for <1 min 0.091 + 0.019 
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* Based on total amount of evaporated iron (density = 7.86), and geometric area. 


+ Roughness factor for other films listed in this table is approximately 1.7. 


tion temperatures using iron filaments retarded 
sintering of the condensed film, resulting in an ir- 
regular array of crystals and perhaps a porous struc- 
ture. These films of higher roughness factors were 
used only in comparison experiments, the majority 
of the data being obtained with the smoother films. 
Little difference in reacted iron was found on passi- 
vating the rough or smooth films (Table I). 

The Armco foil specimens were generally 3 x 3 
em and 0.0075 em thick. After preliminary degreas- 
ing in boiling benzene, they were pickled for 2 min 
in 15 % HCl at 100°C (210°F), washed, and immersed 
successively in boiling acetone and boiling benzene. 
Specimens before use were aged in a desiccator over- 
night; reproducibility was thereby improved prob- 
ably by allowing escape of interstitial hydrogen ab- 
sorbed during the pickling operation. 

It was necessary to bring the iron-coated glass 
cylinders into contact with concentrated nitric acid 
without contamination by exposure to the atmos- 
phere. This was done by inscribing a circumferential 
scratch on the glass tube in which the iron-coated 
cylinder was contained, and placing the tube in an 
H-shaped glass holder of proper dimensions at the 
bottom of a beaker of concentrated nitric acid. Using 
a glass rod, sufficient pressure was applied to break 
the tube and bring the acid into rapid contact with 
the iron film. In some experiments, the evacuated 
specimen tube was broken inside a nitrogen-filled 
test box fitted with rubber gloves, and the specimen 
quickly immersed in nitric acid. Films exposed a 
short time to nitrogen behaved the same as those 
retained in vacuum. 

Nitric acid was purified by distillation in an all- 
Pyrex still to remove small but annoying traces of 
iron. Immediately before use, the distilled acid was 
freed of dissolved oxides of nitrogen by bubbling 
through gaseous nitrogen for one or more hours. This 
operation was necessary because of the significant 


effect of nitrogen oxides on the passivation reaction. 
The specific gravity of the distilled acid was 1.43 + 
0.005 at 15.6°C (60°F). 

The amount of iron reacting with nitric acid 
previous to passivation’ was analyzed colorimetri- 
cally using the orthophenanthroline method. Nitric 
acid solutions were evaporated to dryness, the resi- 
dues taken up in 1:1 HCl, and iron determined using 
an electrophotometer according to the method de- 
scribed by Sandell (4). This method was considered 
an improvement over the KSCN colorimetric method 
used by Gatos. 

Chromium, in the hexavalent state, was deter- 
mined colorimetrically using di-phenylearbazide. 
The method was essentially that described by 
Sandell (5), except that nitric acid was used instead 
of sulfuric acid to provide the required acidity for 
development of a violet color. Total chromium was 
obtained by the same method after oxidation of 
Cr** to Cr*+ with hydrogen peroxide in dilute alkali. 
For both iron and chromium analyses, appropriate 
standards were prepared in solutions of the same 
kind as those common to the passivation experi- 
ments. 


Errect oF OxYGEN PRE-EXPOSURE 


Exposure of evaporated iron films to oxygen for 
30 min or longer was found previously to reduce, by 
approximately one half, the amount of iron reacting 
with nitric acid before passivity was established. 
This was confirmed by the present series of experi- 
ments (Table I). The next step was to determine 
minimum partial pressure of oxygen at which the 
effect is observed. Evaporated films of iron on glass 
cylinders were allowed to remain in the glass evapora- 
tion system, and were then exposed to oxygen at 
various pressures for a total of 14 hr. Adjustment of 


3 Time of immersion, 2 min, was not critical. 
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Fic. 1. Amount of iron reacting in nitrie acid after ex- 
posure to oxygen at various pressures for !4 hr. 


pressure to the required value necessitated an addi- 
tional preliminary time of 15-30 min. After exposure, 
specimens were sealed off in glass tubes and immersed 
directly in nitric acid by breaking the container 
under acid as described previously. Analyses for iron 
as a function of the oxygen pressure to which the 
films were exposed are plotted in Fig. 1. There is a 
gradual trend from the maximum amount of reacted 
iron for films retained in vacuum, to about one half 
this value for films exposed to 1 atm O». The scatter 
of data is typical of passivation phenomena, and is 
not unexpected. No critical pressure of oxygen was 
found, but instead a trend toward lesser amounts of 
iron reacting as the pressure of oxygen was increased. 

Further tests showed that the effect of oxygen at 
1 atm can also be achieved at lower pressures if time 
of exposure is prolonged. Three films exposed to 
2.7 K 10-* mm oxygen for 24 hr and then reacted 
with nitric acid in the usual way gave values of 
0.055, 0.054, and 0.067 (average 0.058) mg Fe/cm?, 
which can be compared with the value of 0.040 mg 
Fe/cm®* after exposure to 1 atm O» for 30 min. Two 
films sealed off after six hours’ exposure at 4 « 10-* 
mm Qs» pressure produced 0.047 and 0.059 (average 
0.053) mg Fe/em*. Oxygen apparently chemisorbs 
on iron more rapidly the higher the external pressure. 
Hackerman and Antes (6) came to the same con- 
clusion through Volta potential measurements of 
iron films exposed to oxygen at various pressures. It 
is also possible that rate of oxidation of iron to iron 
oxide increases with O, pressure. However, Tam- 
mann and Késter (7) reported that partial pressure 
of oxygen has no effect on oxidation rate of iron at 
331°C where thin films are formed, and, hence, an 
effect of pressure instead on rate of chemisorption is 
favored. 


Errect OF SUBSEQUENT EVACUATION 
After exposure of several films to 1 atm of oxygen 


for ‘4 hr, the system was evacuated to 10-* mm 
pressure for periods ranging from 4 to 12 hr. These 
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films on immersion in nitric acid reacted to the same 
extent as did those not subject to evacuation after 
exposure to oxygen. In other words, effects of oxygen 
exposure were not removed by evacuation. Data for 
eight different films gave an average value of 0.043 + 
0.011 mg Fe/em? (Table I), which compares with the 
average value for nine films, exposed similarly to 
oxygen but not evacuated, of 0.040 + 0.008 mg 
Fe/cm*. These measurements can be taken as evi- 
dence that effects of oxygen at 1 atm after 30-min 
contact with iron cannot be removed from the 
surface by subsequent lowering of the pressure. 

Independent measurements of oxygen adsorption 
on iron films confirmed that the gas is irreversibly 
adsorbed. These measurements, to be reported in 
detail elsewhere, showed that adsorption of oxygen 
proceeds at a high rate initially, followed by a slow 
rate after a certain amount of oxygen covers the 
surface. Several iron films were exposed to oxygen at 
a final pressure of 1.8 to 7 X 10-* mm Hg pressure 
for 1-5 hr, and were then evacuated at less than 
10-* mm Hg pressure for 5-12 hr. Oxygen was then 
allowed to adsorb on the surface again, but the ob- 
served rate of adsorption was always low and not 
characteristic of the high initial rate for a clean iron 
surface. Failure to regenerate the initial high rate of 
adsorption is proof that the original surface of iron is 
not regained by evacuation. A further check was 
made by adsorbing 17.4 cc-mm (9.4 X 10-7 mole) 
oxygen at a final pressure of 3.6 X 10-* mm, and 
allowing the gas (17 ml) in contact with 167 cm? 
iron (absolute surface) to expand into a known 
volume (428 ml). The calculated final pressure (0.14 
x< 10°-* mm), assuming no release of previously ad- 
sorbed gas on iron, checked the observed pressure 
(0.13  10-* mm). Armbruster and Austin (8) also 
reported that oxygen is irreversibly adsorbed on 
iron at room temperature. 

The foregoing effects of evacuation on passivity 
differ from the previous observations by Gatos and 
Uhlig who reported that the effects of oxygen ex- 
posure were removable by pumping out the system. 
Detailed scrutiny and careful examination of all the 
facts revealed no certain reason for the discrepancy, 
but it is possible that the method they used to intro- 
duce oxygen-exposed specimens into the acid was at 
fault. This was done by heating one end of the glass 
tube and plunging it into acid, whereupon the tube 
fractured by thermal shock. If in so doing the iron 
films were heated unintentionally, the effect of oxy- 
gen would have been erased as Freundlich and co- 
workers showed (9), and with whose results present 
experiments are now in accord. Heating converts 
adsorbed oxygen to iron oxide (or, alternatively, the 
iron oxide film is sintered) which is not as effective a 
‘athode as the adsorbed gas (or the initial oxide) 
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and, hence, larger amounts of iron dissolve subse- 
quently in the passivation reaction. 

Present results otherwise are in qualitative agree- 
ment with those reported earlier, including the in- 
different effect of pre-exposure to nitrogen (Table 
1). Quantitatively, the amounts of iron reported per 
unit area for the present experiments are roughly 
one half those reported by Gatos and Uhlig. The 
differences were not found to be caused by variation 
of true surface area or source of iron, as summarized 
data of Table I show. The main factor appeared to 
be the present adoption of an improved method of 
analysis for small amounts of iron. This method re- 
quired evaporation of numerous nitric acid solutions 
to dryness, hence was tedious and extremely cor- 
rosive to adjacent equipment. Nevertheless, the 
accuracy of results was much better than omitting 
evaporation, both because the concentrated acid no 
longer interfered with the color reaction, and be- 
cause the possible size of sample for analysis was 
inherently larger. It is felt, therefore, that the present 
values for iron are more nearly correct. 


Additions to Nitric Acid 


Gatos (1) reported that exposure of iron films to 
oxygen-saturated 0.1% KeCr.O7 reduced the amount 
of iron reacting with concentrated nitric acid as 
time of exposure increased, with very little or no 
iron reacting for exposures greater than 30 min. This 
was confirmed by the present series of experiments 
using two evaporated iron films, three hydrogen- 
reduced Armco foil specimens, and four pickled 
Armco foil specimens. Each was pre-exposed 45 min 
to 0.1% KeCr.O;, and the excess solution drained 
off on filter paper before immediate immersion into 
nitric acid. For all specimens, the weight loss on 
passivation was 0.000 + 0.001 mg/cm*. In other 
words, pre-exposure of iron to dilute chromate solu- 
tions completely passivates it with respect to reac- 
tion with concentrated nitric acid. 

Addition of potassium dichromate directly to 
nitric acid was found to accomplish the same thing, 
although the concentration required was higher than 
0.1%. Armco foil specimens were used, previously 
pickled in 15% HCl at 100°C for 2 min, and allowed 
to age in a desiccator overnight. Data are plotted in 
Fig. 2. There is no effect on the reaction by dissolved 
chromate up to 0.1 g/50 ml acid (2 g KeCr.O,/liter). 
The higher value for reacted iron using Armco foil 
(0.07 mg/cm?) than for evaporated films (0.04 mg/ 
em*) has an uncertain origin; it may be caused by in- 
terstitial hydrogen, impurities in the metal surface, 
or, more likely, edge effects and specimen shape, since 
convection currents and stirring, for example, are 
known to affect the passivation reaction. A rather 
sudden reduction in reaction rate occurs between 0.1 
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Via. 2. Effeet of addition of K,Cr.O; to nitrie acid (sp 
gr 1.43) on amount of iron reacting. 


and 0.5 g KeCrO;/50 ml nitric acid (2 to 10 ¢g 
K.Cr.O;/liter), and the rate remains essentially zero 
for higher concentrations. The data indicate, there- 
fore, that the passivating effect of chromates can be 
induced either by pre-exposure of iron to dilute solu- 
tions of chromates for a sufficient time, or by adding 
chromates directly to the nitric acid. 

Similar experiments were carried out with addi- 
tion of potassium nitrite to the acid (Fig. 3). Libera- 
tion of nitrous acid has an appreciable effect on the 
amount of iron reacting when the KNO. concentra- 
tion is over 0.1 g/50 ml HNO, (2 g/l). Below this 
concentration, the effects are erratic, with either the 
usual amount of iron reacting, as when nitrites are 
absent, or almost none reacting as is uniformly true 
of concentrations over 0.1 g KNO+./50 ml acid. It is 
important to note, from the standpoint of mech- 
anism discussed later, that the average amount of 
iron reacting in acid containing more than the 
critical amount of dichromate or nitrite was essen- 
tially 0.000 mg Fe/cem? for dichromate (5 deter- 
minations), but measurably higher for nitrite, namely 
0.0013 mg Fe/cm? (8 determinations). 

The obvious importance of nitrous acid or its de- 
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composition products to the passivation reaction 
suggested adding substances capable of reaction 
with HNOz and which reduce its concentration. Urea 
is one such substance, which is stated (10) to react 
as follows: 


2HNO, + CO(N He)2— + + 


The reaction products have also been stated to in- 
clude eyanice acid, HCNO. 

According to Vetter (11), an excess of urea reduces 
the ultimate concentration of nitrous acid in nitric 
acid to about 1 X 10-° mole/liter. Fig. 4 shows that 
below 0.5 g urea/50 ml HNOs, iron was passivated 
with approximately the usual amount of iron re- 
acting. Even with as little as 0.01 g urea, however, 
no color developed in the acid, and considerable gas 
was evolved, showing that urea was effective in re- 
moving the nitrous acid. At the highest concentra- 
tion or 1.0 g urea/50 ml, HNO;, which approached 
the solubility of urea in the acid, approximately 
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Fia. 5. Effect of addition of 30% hydrogen peroxide on 
the amount of Fe reacting in nitrie acid (sp gr 1.43). 
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twice as much iron reacted as for smaller concentra- 
tions. In the latter solution, however, iron was 
passive only temporarily, with periods of passivity 
alternating with periods of activity. Naturally, more 
iron reacts under these conditions than when pas- 
sivity is stable over the usual 2-min period of im- 
mersion in the acid. 

Addition of hydrogen peroxide showed a more 
marked effect on the amount of iron reacting. Data 
are plotted in Fig. 5, each point representing an 
average of two determinations. As in the case of urea, 
the effect was accompanied by periodic breakdown 
and re-formation of the passive state, each cycle 
being attended by dissolution of iron. The higher 
the concentration of H.O., the more rapid was the 
frequency of breakdown. The effect observed is not 
one of dilution, because addition of water equivalent 
to that added with hydrogen peroxide showed only 
a small effect (Fig. 5). 


ForMATION OF HIGHER VALENCE COMPOUND 


The facts thus far provided evidence that KsCr.O; 
either on the surface of iron or in nitrie acid sub- 
stantially reduces attack of iron during the passiva- 
tion reaction. Potassium nitrite added to nitrie acid 
also reduces the attack, with an effect slightly less 
than for dichromate. Further experiments showed 
that pre-exposure of iron to saturated nitrite solu- 
tion for 1 hr followed by washing in water had no 
measurable effect on the amount of iron reacting 
with nitric acid, contrary to similar pre-exposure to 
dichromate. Potential measurements in distilled 
water of iron wires (0.040-in. diameter, sealed in lead 
glass) previously passivated either in concentrated 
HNO, or in 0.1% K»FeO, and washed in water, were 
of the same order initially, namely 0.9—1.0 v on the 
normal hydrogen scale. It seemed reasonable, there- 
fore, to hypothesize the formation of a compound 
during the iron-nitric acid reaction similar in struc- 
ture and properties to ferric acid, H.FeO,, as the key 
substance responsible for passivity. Any of the nor- 
mal oxides of iron cannot account for the observed 
noble potential, as Bonhoeffer (2) showed. Although 
ferric acid is unstable when dissolved in acids, its 
decomposition rate is probably retarded when it is 
adsorbed on iron. 

To check the role of ferric acid, potassium ferrate 
was prepared, in accord with a method described by 
Thompson, Ockerman, and Schreyer (12). Exposure 
of Armco iron specimens to freshly dissolved 0.1% 
solution‘ for 45 min, draining of excess ferrate solu- 
tion onto filter paper, and immersion of the specimen 
into nitric acid in the usual way showed indeed that 
iron was protected from reaction with nitric acid in 


‘The solution decomposed slowly, but the purple color 
of ferrate was still visible at the end of 1 hr. 
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the same manner as was provided by pre-exposure 
to dichromate solutions. A small amount of iron was 
found in nitric acid after immersion (0.003 and 0.002 
mg Fe/cm? in two experiments), which is accounted 
for by residual ferrate solution adhering to the iron 
surface. It was not possible, of course, to check the 
effect of ferrate added directly to nitric acid as was 
done with chromate because of the instability of the 
compound in acid solutions. 

The next experiments were directed toward detec- 
tion of hexavalent iron compounds possibly formed 
in the passivation reaction. The transient nature of 
such compounds and their obviously small concen- 
tration at any time during the reaction made the 
task difficult. However, since chromates are rela- 
tively stable, and conditions for their formation are 
reasonably parallel to those for hexavalent iron com- 
pounds, it was decided to use a small amount of 
alloyed chromium in iron as a tracer element. Ac- 
cordingly, specimens of a laboratory-prepared melt 
of 2.84% Cr-Fe alloy were fabricated into sheet 
specimens each having a total geometric area of 
about 6 em?. This alloy, immersed in concentrated 
nitric acid for 2 min, lost 0.025 mg/em?, which is 
about one third the value, 0.07 mg/cm’, for puré 
iron. (Higher chromium alloys corroded still less.) 

Because iron interfered to some extent with 
analyses for chromium using the di-phenyl carbazide 
color reaction, the solution was made alkaline to 
pH 8, and the ferric hydroxide centrifuged off. A 
calibration curve was constructed using weighed 
amounts of K»Cr.O; in concentrated HNO;. Total 
chromium, when required, was determined by first 
oxidizing Cr*+ to in dilute alkali using 

The first experiments involved successively passi- 
vating the 2.8% Cr-Fe alloy for a total of 100 times 
in 50 ml of concentrated HNOs, activating the speci- 
men each time in dilute HCl followed by thorough 
washing in distilled water. Large amounts of oxides 
of nitrogen were generated in the nitric acid, and the 
passivating reaction each time was characterized by 
a dark reddish-brown film creeping over the alloy 
surface. Careful analysis of the acid revealed com- 
plete absence of hexavalent chromium, with the 
analytical method estimated to be sensitive to about 
50 ug of dichromate. The test was repeated using 
cathodic activation of the specimen in water so as 
to avoid possibility of contamination by chloride 
ion, but with the same result. 

The next experiment was the anodic polarization 
of the alloy specimen (5.6 em?) in 3% NaSO, for 1 
hr at a current density of 40 ma/em?. Oxygen was 
evolved over all the surface of the anode indicating 
that the alloy was passive, and slight precipitation of 
ferric hydroxide within the solution revealed some 
metal dissolution in addition. The anodic corrosion 
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TABLE ILI. Analysis of corrosion products 
of passivated 2.8% Cr-Fe alloy 


| Current 
| Total metal in efh- 
solution ciency 
Cr Fe | yt 
me | mg | «OQ 
1. HNO, 100X, HCI activa- 
.-| 1.30 - |0.0 | — 
2. HNO; 50X, cathodic acti- | 
3. Anodic polarization 3% | 
NaSO,,40ma/em?, hr...) 0.046 | 1.6 | 0.095, 1 
4. Anodic polarization, | | 
HNO;, 40 ma/em?, 1 hr 2.4 | 98.7/0.0 | 63 
5. Anodic polarization, 
HNO,, 40 ma/em?, hr, | 
Heell....... 11.5 | 57.0/1.6 | 67 


6. Same as 4, HNO; satu- | 
rated with urea, !4 hr: | 
(a) Analysis for Cr* im- 


mediately. ‘he 1.21 53.0 | 0.36 63 
(b) Analysis for Cré+ | 

hr after electrolysis . . 10.25 | 
(c) Analysis for Crt 12 


hr after electrolysis... - | 0.0 
. HNO; saturated with urea, 
50X, cathodic activation 0.62 


0.0 


accounted for 1% of the total electricity passing 
through the cell. In this instance chromate was 
found, and, furthermore, all the chromium going 
into solution was hexavalent. Data for this and the 
following few experiments are summarized in 
Table II. 

The fourth experiment consisted of anodically 
polarizing the alloy in concentrated nitric acid, again 
for 1 hr at 40 ma/cm*. There was more anodic cor- 
rosion than before, about 63% of the current repre- 
senting anodic dissolution compared with 1% for 
NaSO,. However, no dichromate was detected. 

The difference in results, depending on electro- 
lyte, suggested that hexavalent chromium in nitric 
acid was probably being reduced by cathodic reduc- 
tion products freely circulating throughout the 
volume of acid. In NaeSO,y, the cathodic products 
are H, and NaOH, the hydrogen escaping from the 
solution, but in nitric acid, products such as nitrous 
acid remain in solution. It was found, in accord with 
this reasoning, that small quantities of potassium 
nitrite added to concentrated HNO; containing dis- 
solved K,Cr.O; completely reduced the dichromate, 
as determined by analysis. In other words, di- 
chromate rapidly oxidizes nitrous acid (Table III). 

The fifth experiment, therefore, was to repeat 
the foregoing experiment, but with separation of 
anolyte and catholyte in an H-type cell with a 
fritted glass disk separating the two compartments. 
In addition, a stream of nitrogen was passed through 
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TABLE III. Reduction of KxCr:O; in concentrated HNO; by 
additions of 


g KNOs: added to 50 ml 
HNO, + 0.41 ppm Cr:0;-~ 


ppm Cr2O;— found by analysis 


0.10 0.0 
0.05 0.0 
0.01 0.0 
0.0 0.42 


0.0 0.39 


both compartments to remove any oxides of nitrogen 
from solution. 

Using this arrangement with a current density of 
40 ma/em?* for 30 min (area anode = 6.1 em?*), 
analysis of the anolyte now revealed positive presence 
of dichromates, with a current efficiency for anodic 
dissolution remaining at about 60-70%. In absence of 
reducing agents, therefore, hexavalent chromium is 
formed on anodic polarization of the 2.8% Cr-Fe 
alloy in nitric acid. 

The sixth experiment involved the addition of urea 
to concentrated nitric acid which, as noted previ- 
ously, reacts with nitrous acid and greatly reduces 
its concentration. Using the electrolytic cell without 
separation of anolyte and catholyte, dichromates 
this time were found. The amount of dichromate 
decreased with time after electrolysis was discon- 
tinucd, as data of Table II show, probably because 
urea is oxidized slowly by dichromates. This, plus 
the fact that some nitrous acid is present, also ex- 
plains the smaller quantity of Cr.O; found compared 
with experiment 5. However, in absence of anodic 
polarization, and by merely dipping the specimen 
50 times into the urea-nitric acid mixture, activating 
the specimen cathodically in water each time, no 
dichromate was found (experiment 7, Table II). 
Apparently, the dichromate under these conditions 
is reduced by HNO», formed in close proximity to 
the anodes, more rapidly than urea can diffuse to the 
metal surface and react with HNO». Vetter (11) has 
shown, for example, that it requires approximately 
1 min for a 1% solution of urea in concentrated 
HNO, to reduce the nitrite concentration from 
4 X 10°* to 1 X mole/liter. 


DetrecTION OF HEXAVALENT CHROMIUM COMPOUND 


With definite formation of dichromates on anodic 
polarization of the Cr-Fe alloy in nitric acid, the next 
question concerned the analogous formation of a 
hexavalent iron compound and its similar properites 
as a passivator. This question previously had been 
answered in part by pre-exposing iron to dilute 
potassium ferrate or to potassium chromate, and ob- 
serving in either instance the complete suppression 
of reaction with nitric acid. 

Evidence from the potential behavior of iron in 
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various chromate solutions indicated that the Lang- 
muir adsorption isotherm is obeyed (13), confirming 
that passivation by chromates is accompanied by 
their adsorption on iron, as had been suggested 
earlier (14). Radioactive tracer studies (15) on the 
amount of radioactive chromium on the surface of 
iron as a function of chromate concentration also 
showed that an approximate adsorption isotherm is 
followed. Evidence for adsorption accompanying 
passivation was also reported by Powers and Hacker- 
man (16). They showed that chromates were ad- 
sorbed on iron below pH 11 and could not be washed 
off (chemisorption), whereas above pH 11 chromates 
were not adsorbed at all. These facts immediately 
suggested that hexavalent iron compounds anal- 
ogously may adsorb on iron. Furthermore, if they 
are the cause of passivity in nitric acid, they should 
be released from the metal surface by immersing 
passive iron in strong alkalies, and, in the case of 
iron containing alloyed chromium as tracer, some 
chromates should be released simultaneously. 

The next experiment, therefore, was to passivate 
the 2.84% Cr-Fe alloy (6.1 em? area) in concen- 
trated HNOs, wash in water, immerse in 2V NaOH, 
then in dilute HCl, and again wash in distilled H,0, 
repeating this procedure successively 50 times. 
Analysis of the sodium hydroxide solution, carrying 
out this procedure, showed indeed the presence of 53 
ug of NacCrO,. Repetition of the same procedure 
using HCl! instead of HNO; did not passivate iron 
and, correspondingly, produced no_ detectable 
amount of chromate. This experiment proved, there- 
fore, that hexavalent chromium forms when the 
chromium-iron alloy is passivated in concentrated 
nitric acid, and furnishes strong evidence that the 
chromates so formed are in part chemisorbed. 


ForRMATION OF HEXAVALENT [RON COMPOUNDS IN 
Nirric Acip 


With the preceding evidence for hexavalent 
chromium, a cell was set up to demonstrate the 
possibility that hexavalent iron can form by the 
nitric acid-iron reaction. To one compartment of an 
H-type cell, 5N NaOH was added in contact with an 
Armco iron electrode (2 x 2 em), and concentrated 
HNO, was added to the other compartment in con- 
tact with a platinum electrode of similar size. On 
electrically short circuiting the two electrodes, light 
purple reaction products, characteristic of sodium 
ferrate and exhibiting typical oxidation reactions, 
streamed off the iron, accompanied by oxygen evolu- 
tion. A similar experiment was repeated using 0.1N 
NaOH instead of the more concentrated alkali with 
identical although less pronounced results. By em- 
ploying 3% NaeSO, instead of NaOH, however, no 
ferrate formed visibly, oxygen being the only ob- 
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servable anodic product. In a solution such as this, 
it is probable that if ferrate is formed, it is immedi- 
ately adsorbed on the electrode surface with no 
tendency for its release, whereas in NaOH the 
hydroxyl ion adsorbs preferably and continuously 
displaces ferrate ions. 

It remained to demonstrate that the compound 
formed on pure iron and displaced by hydroxy! ions 
has oxidizing properties typical of ferrates. Analysis 
of the suspected compound was based on a method 
described by Schreyer, Thompson, and Ockerman 
(17). To 20 ml saturated NaOH, 1 ml of chromic 
chloride solution (1.7 g CrCl;/100 ml) and 5 ml 
H.O were added. Any ferrate introduced into this 
solution reacts with Cr** to form chromate in ac- 
cord with: 


2FeO,— + 2Cr** — 2CrO,— + 2Fe** 


The corresponding chromate was analyzed by 
diluting the solution to 50 ml, taking a 10 ml aliquot, 
diluting this to 15 ml and carefully adding H.SO, to 
pH 8 or 9. Ferric hydroxide was centrifuged off, and 
the solution then acidified with 2 ml of 5N HSOx. 
On dilution to 40 ml, 2 ml of di-pheny! carbazide 
reagent were added, dilution carried to 50 ml, and 
the violet color as developed by dichromate was 
compared with suitable standards using the electro- 
photometer. 

A coiled Armco iron specimen of 60 cm? area, 
suspended from a glass hook, was passivated in 
concentrated nitric acid, and carefully washed in 
one or more beakers of distilled water without 
destroying passivity. The coil was then plunged into 
the above-described NaOH solution containing 
Cr** and allowed to remain about 10 min, after which 
analysis of the alkaline solution was carried out for 
CrO,;—. Blank determinations using the identical 
procedure were run with platinum sheet having the 
same area as iron. Chromates were found over and 
above small blank corrections, indicating that fer- 
rate or an analogous compound is formed when iron 
reacts with concentrated nitric acid. A summary of 
results is given in Table IV. The data show that 
reproducibility, typical of most experiments in 
passivity, was not good, but nevertheless was ade- 
quate to prove the point. The amount of ferrate 
corresponding to the analyzed chromate appeared to 
be independent of whether one or three washes were 
employed, which may be taken as further evidence 
that the compound is chemisorbed on iron. 

The variable amounts of ferrate may indicate 
partial decomposition taking place during washing 
and at the time of immersing the iron specimen into 
NaOH. Some specimens may have lost most of their 
passivity, judging by the amount of ferrate found 
and that produced by a specimen known to be 
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TABLE IV. Analyses of passive film on iron for ferrates 
and tron content 


| 
| we formed | 


Equivalent 
on immersion in | yg Fe in NaOH 


No. of washes micremoles/cm? 


in water | NaOH + Cr*** | + Cr*** solutiont |_ * 
solution* } FeO.-- Fe 
1 138 1750 0.020 0.52 
1 31 1310 0.005 | 0.39. 
1 57 1230 | 0.008 | 0.37 
82 | 1580 0.012 | 0.47 
2 89 1100 0.013 0.33 
2 125 780 0.018 | 0.23 
3 34 | 360 0.005 0.11 
3 109 490 0.016 | 0.15 
3 20 0.0038 | — 
10 80 0.001 0.02 


* Corrected for blank equal to 24 wg CrO.—. 

+ Corrected for blank equal to 120 yg Fe. 

t Passivity intentionally destroyed by striking specimen 
on side of beaker in second wash. 


active. Any nitrate or nitrite carried over on the 
passive iron surface could not have oxidized Cr** to 
CrO,—, because a check run showed that 100 mg 
KNO; or KNOs added to the NaOH solution con- 
taining Cr** did not produce chromate in excess of 
the normal blank. Moles of iron far in excess of 
moles of ferrate originated probably through carry- 
over of ferrie nitrate and by corrosion of the iron 
specimen by an adhering film of acid not easily re- 
moved by washing. Data of Table IV show that 
additional water washes removed more of the 
residual acid solution, and thereby also reduced the 
amount of iron in the NaOH wash. It is questionable 
whether all the adhering solution can be removed 
without destroying passivity. Because of these 
factors, a more precise analysis of the surface com- 
pound responsible for passivity was not attempted. 


DiscussION 


The experimental evidence can be interpreted, ac- 
cordingly, in terms of a hexavalent iron compound, 
related to or identical with ferric acid, H.FeQO,, 
which forms at the anode areas as a result of intense 
local action galvanic currents when iron reacts with 
concentrated nitric acid. The compound in part ap- 
pears to be chemisorbed on the metal surface simul- 
taneous with its formation. According to Bonhoeffer 
(2) and Vetter (18), local action currents increase 
with accumulation of nitric acid reduction products, 
in particular HNO», which act as cathodic depolar- 
izers, the anodic current density eventually reaching 
the critical value for anodic passivation. Franck’s 
(19) measurements of anodic passivation of iron in 
dilute H.SO, showed that the critical value may be 
about 17 amp/em*. Anodic polarization of this 
magnitude suffices to produce ferrate or its analog 
either in situ, or in high concentrations at anodic 


| | 
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regions. The compound upon chemisorbing on iron 
is more stable chemically than in the free state. 
Chemical stabilization of the passive film by adsorp- 
tion was suggested earlier by Bennett and Burnham 
(20) and by Bancroft and Porter (21) who considered 
that adsorbed metastable FeO; was responsible for 
passivity. 

' The chemisorbed compound, according to present 
authors’ viewpoint, satisfies surface affinities of 
iron, and thereby reduces tendency of the metal 
surface to react, making it passive in the same sense 
as chromates are thought to cause passivity when 
chemisorbed on iron (13, 14, 22-24), or oxygen when 
chemisorbed on the stainless steels (13, 22-25). 

In this connection, it may be significant that the 
maximum amount of ferrate released from passive 
iron is approximately 2 X 10-* mole/cm? of geo- 
metric surface (Table IV). Geary (26) found a com- 
parable amount of chromate to adsorb on oxide-free 
iron from 0.001M chromate solution, namely 5 X 
mole/em*? geometric surface. Powers and 
Hackerman’s (16) data for air-exposed iron corre- 
spond to 0.9 X 10-% mole/cm?, as do data of Brasher 
and Stove (15). 

No iron reacts with nitric acid if iron is pre-exposed 
to ferrates or to chromates, because the surface is 
already covered with a passive film of the same kind 
as forms by reaction of acid with iron. At the same 
time, ferrate or its analog adsorbed on iron no longer 
has the same affinity for its external environment 
because of chemical attachment to the metal lattice 
underneath, and it is, therefore, relatively more 
stable with respect to acids, hydrogen peroxide, 
nitrous acid, and other reagents with which it nor- 
mally reacts when in the free state. 

High anodic local action current densities neces- 
sary for passivation are favored by adsorbed oxygen 
on iron, both because oxygen forms effective cathodic 
surfaces, and because local action currents are con- 
fined to smaller exposed anodic areas. Hence, less 
iron reacts with HNO; if the iron is pre-exposed to 
air. Pre-exposure to carbon monoxide similarly aids 
passivation through increased cathodic surface of 
adsorbed CO, similar to the behavior of adsorbed 
oxygen. At such time as the hexavalent iron com- 
pound forms an adsorbed layer or layers, the com- 
pound thereafter is continuously renewed at in- 
cipient small anode areas by continuing local action 
currents. The measured corrosion rate of passive 
iron in unstirred concentrated HNO; after several 
hours’ immersion was found equal to about 20 mdd, 
which is equivalent to a total corrosion current 
(Fe — Fet** + 3e) of 12 wamp/cm?. At exposed 
anodes, of course, the current density is much higher. 
If 17 amp/cm? is necessary to achieve passivity, as 
Franck indicated, the ratio of anode to cathode 
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area is 12 X 10-°/17 or 7 X 10-7. Vetter (11), using 
corrosion rates of iron in stirred concentrated HNO, 
containing 2% urea, similarly calculated the ratio to 
be 30 X 10-7. Both values indicate that practically 
all the surface is cathode, a very small portion of 
which at any moment acts as anode. 

Repair of the adsorbed film of compound occurs 
even in relatively dilute nitric acid. The lower con- 
ductivity and limited oxidizing properties of the 
dilute acid, together with a correspondingly large 
anodic area of iron when first immersed, are not suf- 
ficient to induce passivity. But when passivity is 
previously induced by immersion of iron into con- 
centrated HNO, corrosion currents in dilute acid 
are entirely adequate for maintaining passivity. 

So long as the compound remains on the surface 
and is repaired by local action currents, the specimen 
remains passive. Of course, if the metastable com- 
pound is broken down over more than a small region 
by mechanical action or heat, ensuing galvanic ac- 
tion of the induced anode in contact with a large 
area of cathode differing in potential by as much as 
0.9 v (the potential difference between passive and 
active iron in water) is sufficient to reduce ca- 
thodically the compound at adjoining areas of the 
surface. This action is observed by a rapidly moving 
front of nonpassive iron increasing in area as more 
and more of the surface is activated. Bonhoeffer (2, 
27) and his co-workers (18, 19) have studied in 
detail the mechanism of propagation of active- 
passive fronts as a model for nerve impulse propaga- 
tion, following the earlier studies of passivity in this 
relation by Heathcote (28) and by Lillie (29). 

Admission of halogen ions quickly breaks down 
passivity, possibly because these ions compete with 
the passivating compound for sites on the iron 
surface. Chloride ions adsorbed on iron have very 
short life (small activation energy for the corrosion 
reaction), contact with the surface being followed by 
rapid hydration and solution of metal ions. Such 
areas become anodes with subsequent progressive 
breakdown of passivity by electrolytic action, as 
noted above. It is also possible that chloride ions 
hasten reduction of the surface iron compound by 
reaction to form chlorine, or by some other mech- 
anism. 

The present conclusion that ferric acid or a re- 
lated compound is responsible for passivity agrees 
with the deductions of Bonhoeffer, who suggested 
that the “oxide film?’ on iron passivated in nitric 
acid must have a higher oxygen dissociation pres- 
sure than any known normal oxide (2, 30). Ferric 
acid certainly fits into this category. It also agrees 
with the previous proposal of Bennett and Burnham 
(20) and of Bancroft and Porter (21) that a higher 
oxide FeO; appears to be necessary to explain their 
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passivation experiments and potential measure- 
ments. The present work shows indeed that an un- 
stable, higher oxide exists. This work does not 
support the proposal of Vetter (31) that a common 
oxide of iron unsatisfied in composition with respect 
to its environment covers the surface, since such an 
oxide would not account for hexavalent iron or a 
structure analogous to the chromates. 

Some investigators have concluded that the pas- 
sive film on iron is a physical barrier layer consisting 
of FeoO; (32, 33). Support for this assumption was 
obtained in part by isolating an oxide film of the 
composition FeO; using the iodine reaction or 
anodic dissolution techniques. However, an isolated 
film of Fe.O3, according to the present discussion, is 
merely an end product of the metastable hexavalent 
compound, and probably plays a small part, if any, 
in the passivation phenomenon. Ferric acid, for 
example, may decompose as follows: 


2H.FeO, — FeO; + 2H.O + 3/2 
or 
2Fe + 2H.FeO, 2Fe.O; 2H.0 


On this basis, the maximum amount of ferrate 
found per apparent square centimeter of passive 
surface (2 X 10-° mole/cm?, Table IV) decomposes 
to a residual film of FesO; (d = 5.12) 125 A thick. 
The corresponding thickness, based on a reasonable 
roughness factor of 2 or 3, is 40-60 A. These values 
agree approximately with optically determined 
values of 25-100 A for the primary film reported by 
Tronstad and Borgmann (34), and with thicknesses 
for the decomposed primary film of 78 A by micro- 
balance weighings of Gulbransen (35), and with 80 
A by dissolution of oxide in acid as reported by 
Schwarz (36). The values are somewhat higher than 
23 A calculated by Vetter (37) from the amount of 
electricity required to reduce the passive film. 

An explanation is still required for the function of 
urea and hydrogen peroxide in the passivation phe- 
nomena. In accord with the function of HNO: as 
depolarizer, enough iron must first react with nitric 
acid to produce a high concentration of nitrous acid 
near the metal sufficient for effective cathodic de- 
polarization and corresponding achievement of the 
critical anodic current density for passivity. Conse- 
quently, if nitrous acid is added beforehand, as 
when potassium nitrite is added to nitric acid, iron 
becomes passive with much less than the normal 
amount of iron reacting. Urea destroys nitrous acid, 
but the reaction is not sufficiently rapid, as Vetter 
showed (11), to prevent build-up of nitrous acid at 
the metal surface by the iron-nitric acid reaction. 
Hence, approximately the normal amount of iron 
reacts with nitric acid plus urea to produce passivity, 
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as the foregoing experiments show. After passivation, 
urea apparently succeeds in reducing the prevailing 
HNO: concentration at the surface and reduces the 
corresponding local action currents, thereby pre- 
venting repair of the adsorbed film, and causing loss 
of passivity, but only momentarily, because when 
larger anode areas form, nitric acid is more rapidly 
reduced at adjacent cathodes, HNO: again forms in 
greater concentration, and local action currents in- 
crease, followed by recovery of passivity. This 
situation accounts for periodic active-passive phe- 
nomena when iron is immersed in HNO;-urea 
mixtures. 

Hydrogen peroxide apparently reduces the con- 
centration of nitrous acid by oxidizing it to nitric 
acid (38). It may also act to reduce ferric acid in the 
same manner it reduces chromates. Hence, periodic 
breakdown of passivity occurs, and more iron reacts 
during the 2-min immersion in concentrated HNO; 
containing 

As mentioned before, the metastable compound 
after adsorption on passive iron is not as easily 
reduced as properties of ferrates otherwise suggest, 
in the same sense that chemisorbed oxygen on 
tungsten is not easily reduced by hydrogen at ele- 
vated temperatures (39). Through chemisorption, 
both the metal and the adsorbate are passive to 
their environment, until such time as localized 
breakdown occurs in some portion of the passive film. 
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Effect of Fluorides and Other Addition Agents on the 
Cathodic Potential of Titanium in Hydrofluorie Acid’ 


M. E. Srraumants, 8. T. Sura, anp A. W. ScHLECHTEN 


University of Missouri School of Mines and Metailurgu, Department of Metallurgy, Rolla, Missouri 


ABSTRACT 


The absolute hydrogen overvoltage values of titanium in hydrofluoric acid increase, 
or the cathodic potentials, n11, decrease (become more negative) with addition of 
alkali fluorides to the acid. The n1 decreases with increasing concentration of the salt 
in the sequence NH,F — KF — NaF, which is also the sequence of decreasing cationic 
radius. For example, at 50 ma/em? 11 decreases from —0.8 v in pure 0.1N hydrofluoric 
acid to —1.68 v in the same acid if it is 1M with respect to sodium fluoride. If the tita- 
nium cathode dissolves in the acid, the y11-current density relationship is linear; if 
the dissolution ceases (at higher concentrations of the added fluoride), Tafel’s rela- 
tionship is fulfilled. In between there is a mixed straight line and quasi logarithmic 
relationship, the latter occurring at higher current densities. Organic colloid solutions 
of agar-agar or arabic gum appreciably decrease n11; methylene blue solutions increase 


it slightly. 


INTRODUCTION 


In connection with the general problem of ti- 
tanium deposition from aqueous solution, considera- 
tion was given to the means of making the cathodic 
potential of the hydrogen-developing electrode as 
negative as possible. In other words, what conditions 
would increase the absolute value? of hydrogen 
overvoltage, which actually is a cathodic potential, 
thus favoring metal deposition? 

First, the cathodic behavior of titanium was 
studied in pure bases and in hydrofluoric, hydro- 
chloric, hydrobromic, sulfuric, and acetic acids (1). 
There was a straight line potential-current density 
relationship (equation I) in cases when the titanium 
cathode dissolved with an appreciable rate in the 
acid, evolving hydrogen in addition to that developed 
by the current. However, Tafel’s logarithmic rela- 
tionship (equation II) appeared if the titanium 
cathode did not dissolve in the acid, or if the dis- 
solution rate was appreciably decreased (1, 2). 

In order to study the lowering of the titanium 
cathode potential by use of different electrolytes, 
with the addition of different agents, and to compare 
the results, it was necessary to make the measure- 
ments with the same reference electrode. The 1N 
calomel electrode was chosen for this purpose, but 
the resulting potential measurements were reduced 
to the potential as compared to the standard hydro- 


1 Manuscript received March 25, 1955. This paper was 
prepared for delivery before the Pittsburgh Meeting, 
October 9 to 13, 1955. 

? For ‘‘absolute value”’ algebraic signs (of the potentials) 
are disregarded; “increase’? means moving in a positive 
means moving in a 


direction (more cathodic); ‘‘decrease’’ 
negative direction (more anodic). 
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gen electrode. The cathodic potentials measured in 
this way are designated by 9. The subscript II 
means that the potentials were measured in all cases 
against the same reference electrode, while hydrogen 
overpotential measurements (designation ) were 
usually made against a reversible hydrogen reference 
electrode immersed in the same solution (3) as that 
used for the electrolyte around the cathode. So the 
values ;,; and 7 of an electrode in the same solution 
differ only by the effect of hydrogen ion concentra- 
tion on the potential of the hydrogen reference 
electrode. 

The cathodic potential (as well as the hydrogen 
overvoltage) on a metal in a pure electrolyte usually 
changes upon the addition of an organic compound 
to the electrolyte. Salt additions (4) may cause a de- 
crease of the a constant of Tafel’s equation (e.g., 
on mercury cathodes), although the 6 constants may 
remain unaffected (5, 6). The cathodic potential on 
copper and platinum in hydrofluoric acid is strongly 
decreased when ammonium fluoride is added to the 
acid (2). Organic compounds with oxidizing proper 
ties usually decrease the absolute value of hydrogen 
overvoltage (7). 

The strong influence of soluble fluorides on the 
hydrogen overvoltage on platinum and copper (2) 
suggested the study of the cathodic potential of 
titanium in presence of water soluble fluorides. 

Some experiments were also made with the ad- 
dition of organic colloids. 


EXPERIMENTAL PROCEDURE AND MATERIALS UsEp 


Of the two methods (8, 9) most commonly used 
for cathodic potential determinations, the ‘“direct’”’ 
method was chosen. This method is simpler, and, 
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Fic. 1. Cathodic potential, m1, of pure titanium in 0.1N 
HF with NH,F added vs. current density and vs. log cur- 
rent density. Each experimental point is the average of 
two runs. Hydrogen seale. 


according to authoritative views (8, 10), is as ac- 
curate and reliable as the “indirect”? method, if 
applied correctly. 

The electrolytic cell, made of a polyethylene 
beaker, contained the titanium cathode, a 2 x 2 cm 
platinum anode, and a stirrer making 375 rpm (11). 
The electrodes were mounted on a frame at a definite 
distance apart. The emf of the cell: 


Ti // electrolyte / 3.5N KCl salt bridge / 1V KCI, 
// Hg 


was measured with a potentiometer equipped with a 
sensitive external galvanometer, while a current of 
a certain strength passed through the platinum anode 
and titanium cathode. The latter was cut from an 
iodide titanium crystal bar and had an exposed 
surface area of 1.8 x 0.85 em*. The glass handle of 
the electrode, as well as parts of the metal not to be 
exposed, were covered with a layer of Pyseal Wax to 
protect these parts from attack by hydrofluoric acid. 
The exposed surface was polished before each ex- 
periment through No. 00 emery paper, then etched 
by immersing the electrode in 1N hydrofluoric acid 
for about 1 min, followed by quick rinsing in distilled 
water. The end of the Luggin capillary was pressed 
horizontally and laterally against the titanium sur- 
face, thus preventing shielding of the metal by the 
tip itself. 

No corrections, except reduction to the potential 
as determined against the standard hydrogen elec- 
trode, were introduced in the potential values 
measured. Consequently, values obtained with ti- 
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tanium in 0.1N hydrofluoric acid in the presence of 
various additions in different amounts represented 
cathodic potentials n;,; of hydrogen evolution at a 
certain current density (1). As fairly strong currents 
were applied, the influence of atmospheric oxygen 
on the potential was so small (1, 12) that it was dis- 
regarded, and the air was not removed from the cell. 
All chemicals were of reagent grade. The 99.99% 
iodide titanium (13) was supplied by the Foote 
Mineral Company. 
RESULTS 
Effect of ammonium fluoride.—Solutions for the 
electrolysis were prepared so that the concentration 
of hydrofluoric acid was kept constant at 0.1N, and 
the concentration of the ammonium fluoride was 
varied to give 1, 2, 4, and 8M solutions. The cathodic 
potentials measured are plotted against current 
density in Fig. 1. Ammonium fluoride additions de- 
crease the cathodic potential of titanium, reaching a 
value of about —1.21 v (300 ma/cm?) in 8M am- 
monium fluoride solutions. The straight line rela- 
tionship 
m= a+ (I) 


holds up to 4M solutions, although a break occurs 
at about 30 ma/cm?. In this equation a’ is the po- 
tential of titanium at a current density 7 = 0, and 
b’ is the slope constant. Equation (1) changes to the 
logarithmic or Tafel’s relationship (14): 


= a+b ilogi (II) 


as the concentration of ammonium fluoride ap- 
proaches and surpasses 4M (see lower curve of Fig. 
1). The constant @ in equation (II) is the potential 
of the titanium cathode at a current density of i = 
1 ma/cm?*, and b is the slope constant of the Tafel 
lines. 

It was observed that in 8M electrolytes the dis- 
solution of titanium ceased almost completely. This 
indicates that the straight line relationship is main- 
tained if the titanium dissolves in the acid, while the 
Tafel relationship holds if the titanium ceases to dis- 
solve because of ammonium fluoride additions (1, 2). 
At low concentrations of this salt, up to 2M, a dark 
grayish scale was noticeable on the titanium elec- 
trode, and the solution became milky in appearance 
because of high dispersion of the evolved hydrogen; 
no scale could be detected at higher concentrations 
of ammonium fluoride. 

Effect of sodium and potassium fluoride.—Sodium 
fluoride concentrations used were 0.02, 0.1, 0.2, 0.3, 
0.5, and 1M, while the strength of hydrofluoric 
acid was kept at 0.1N. Sodium fluoride concentra- 
tion was limited to 1M because of the low solubility 
of this salt in the acid. A summary of the results is 
given in Fig. 2, which shows that the addition of 
sodium fluoride has a very marked effect on the 
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‘athodie potential. The straight line relationship 
fequation (I)] holds only at low concentrations of the 
fluoride; the linear portion of the curves becomes 
shorter and shorter with increasing concentration of 
the fluoride, while the remaining parts of the curve, 
especially the curves obtained with 0.3 to 1M solu- 
tions, obey Tafel’s relationship [equation (IT)]. The 
change from the straight line to the logarithmic 
relationship is accompanied by almost complete 
cessation of the dissolution of the titanium cathode 
in the acid. A dark grayish to slightly purplish scale 
appeared on the cathode at concentrations higher 
than 0.2M of sodium fluoride. Spectral analysis of 
the scale showed titanium with practically no so- 
dium lines. 

Curves obtained in 0.1, 0.5, 1, 2, and 8M solutions 
of potassium fluoride in 0.1N hydrofluoric acid were 
very similar to those shown in Fig. 2. The cathodic 
potential decreased strongly with the salt concen- 
tration, and the change from the mixed straight 
line-logarithmic relationship to the pure logarithmic 
one occurred between 1 and 2M concentration of 
potassium fluoride. Dissolution of the cathode in the 
latter solution ceased almost completely within 20 
min after immersion of the electrode in the acidic 
solution. Scale formation was observed, but it de- 
creased substantially in stronger fluoride concen- 
trations. 

Effect of complex fluorides —A complex sodium 
titanium fluoride solution was prepared by adding 
cautiously a sodium fluoride solution to a titanium 
(III) fluoride solution, until the formation of a violet 
precipitate, probably of the composition NasTiFs 
(15), just started. Then the pink solution was di- 
luted with hydrofluoric acid so that it became 0.1N 
and approximately 0.1M with respect to the NasTiF;. 
A curve very similar to that obtained in 0.1M so- 
dium fluoride (Fig. 2) could be drawn to represent 
the results from this solution. Hence, the presence 
of complex ions (pink color) did not change the 
curve from that obtained previously in sodium 
fluoride. 

Effect of some colloids and organic substances.— 
The absolute value of the hydrogen overvoltage on 
metals is usually increased by the presence of or- 
ganic colloids. This was also observed when a ti- 
tanium cathode was used. The 0.1N hydrofluoric 
acid solution containing 0.1 wt % agar-agar (U.S.P. 
grade) was fairly viscous, but did not influence very 
much the cathodic potential of titanium. The cur- 
rent density-potential relationship could be described 
by equation (I) and the n;; values could be calcu- 
lated in volts by equation (IIT) 


m1 = —(0.83 + 0.00337) (IIT) 


up to 7 = 30 ma/em?, beyond which the potential 
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Fic. 2. Cathodic potential, n11, of titanium in 0.1N HF 
with NaF added vs. current density. Each experimental 
point is the average of two runs. Hydrogen seale. 
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Fig. 3. Cathodie potential of Ti, n11, in 0.1N HF vs. 
concentration of fluorides at constant current densities. 
Top inset: n11 vs. current density in pure 0.1N HF for com- 
parison. Hydrogen scale. 


readings fluctuated too much to obtain reliable 
readings. 

A greater effect was observed with a 0.2% arabic 
gum solution (technical grade); the potential values 
conformed with equation (IV) up toi = 50 ma/em*: 


m1 = —(0.83 + 0.00777) (IV) 


The cathodic potentials obtained with titanium in 
pure 0.1N hydrofluoric acid (see Fig. 1 or 2) were 
more noble and corresponded to equation (V): 


mrt = —(0.77 + 0.0047) (V) 
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Considering the small amounts of these colloids 
added to the acid, they are nearly as effective as the 
solutions containing sodium fluoride on the basis of 
weight per cent. 

Methylene blue additions to the 0.1N hydro- 
fluoric acid even in such small amounts as 0.005 and 
0.02% by weight increased the cathodic potential, 
as represented by equations (VI) and (VII) up to 
= 100 ma/cm’: 


0.005% nu = —(0.72 + 0.00487) (VD 
0.02% m: = —(0.58 + 0.0056) (VID) 


In all of these cases equation (I) is valid because 
the titanium dissolved in the acid with the evolution 
of hydrogen in addition to that developed by elec- 
trolysis. 

Finally, a complex titanium citrate solution was 
used as an electrolyte in which the metal did not dis- 
solve at all. In such a solution the Tafel relationship 
was obtained as expected. The clear solution con- 
tained 20 g titanium chloride, 260 g sodium citrate 
per liter, and some ammonium hydroxide so that the 
solution showed a pH = 8.7. The potential values 
agreed with equation (VIII) up to7 = 100 ma/em?*: 


m1 = —(0.93 + 0.045 log 7) (VIII) 


As compared with the potential values in pure 0.1N 
hydrofluoric acid [equation (V)], the results are much 
more negative in the complex titanium citrate solu- 
tion. 


DIscUSSION AND CONCLUSION 


Fig. 3 demonstrates the influence of fluoride addi- 
tions on the cathodic potential, ,, of titanium. 
Comparison of the potential values in solutions of 
varying molar concentrations of the fluorides re- 
veals the strong influence of sodium fluoride, repre- 
senting the salt effect (4). 

There are several possible ways to explain the 
effect of alkali fluorides, but none of them is satis- 
factory. The negative potential of the titanium 
electrode [a’ constant of equation (I)] may be 
caused by the very low concentration of Ti**+ as a 
result of complex ion formation with the fluorides 
added (2). However, if this is so, at equal concen- 
trations of the three fluorides, nearly the same po- 
tential-current density curves should be expected; 
however, this is not the case as can be seen in Fig. 3. 
That there is a specific effect of the fluorides on the 
overvoltage, independent of the Ti*+ or Ti‘*+ con- 
centration, is indicated by the fact that the absolute 
overvoltage values on copper and platinum also 
increased in the presence of ammonium fluoride 
(2). Another explanation of this salt effect is given 
by deBéthune (4). 

Adsorption phenomena as well as formation of 
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some oxide and salt layers on the titanium cathode 
may be responsible for the increased overvoltage. 
This is possibly correct in the case of the addition of 
organic colloids to the hydrofluoric acid, as only 
weak currents of 50 ma/cm? maximum were ob- 
tained through the cathode without fluctuation. 
However, tests showed that such colloids, dissolved 
in 0.1N hydrofluoric acid, added to pure acid solu- 
tions through which a current is already flowing, 
decreased the current only a small amount. 

If fluorides are added to the acid, the conductivity 
of the electrolyte increases and, under comparable 
conditions, currents up to 300 ma/em* could be 
passed through the cathode. This certainly would 
not be possible if oxide or salt layers were present 
in any appreciable amount on the titanium surface. 
Visual examination of the electrodes showed that 
layers are not noticeable at higher concentrations of 
potassium and ammonium fluoride. Finally, it follows 
from Fig. 3 that the cathodic potential values de- 
crease with decreasing cationic radius, NH, — 
K+ — Nat, of the fluoride added, the radius being 
obtained from x-ray data. The sizes of the hydrated 
ions were discussed by Bockris (16). 
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Influence of Specimen Area on the Pitting Probability 
of Aluminum’ 


P. M. Aziz anp P. Goparp 


Aluminium Laboratories Limited, Kingston, Ontario, Canada 


ABSTRACT 


The pitting probability of 28 aluminum was determined in Kingston tap water as 
a function of area, for areas ranging in size from 0.06 em? to 243 em?. The pitting prob- 
ability was found to vary uniformly with area, from 0.001 to 1 as the area increased 
from 0.06 em? to 60 cm?; extrapolation indicated that the pitting probability becomes 
zero at an exposed area of about 0.055 em*. This work supports the contention that 
pitting sites in aluminum are not specific macrodefects in the metal surface, but rather 
arise in a random fashion through the interaction of myriads of anodic and cathodic 


elements on the metal surface. 


INTRODUCTION 


Previous publications (1, 2) have reported the 
development of a theory of the pitting corrosion of 
aluminum. In this work it has been shown that when 
a sheet of aluminum is immersed in a natural water 
that is aggressive, pitting-wise, the initial attack takes 
the form of general corrosion so that the surface is 
covered with myriads of local cells. As reaction pro- 
ceeds, aluminum goes into solution at the local 
anodes, while alkali forms at the local cathodes 
through reduction of oxygen and hydrogen ions. 
As the anodic and cathodic reaction products inter- 
mingle, alumina is precipitated from solution, stifling 
the reaction and passivating the surface, through the 
formation of a protective film. If the precipitation of 
alumina does not completely stifle the local cells, 
then reaction can continue with a consequent con- 
tinuing modification of the environment about the 
sites of the reactions. These environmental changes 
further stimulate local action so that the attack is 
autocatalytic in nature and those local cells that 
have survived consequently develop into pits. An 
autocatalytic mechanism of pitting corrosion very 
similar to the one here presented has been developed 
by Edeleanu and Evans (3) from electrochemical 
measurements carried out on two-compartment cells. 
If this picture is correct, local environmental dif- 
ferences must be established and maintained if a 
pit is to initiate and propagate. These environmental 
differences will be maintained by the local action 
currents and dissipated by convection and dif- 
fusion so that, for any given set of experimental 
conditions, it is to be expected that a minimum local 
action current will be required to initiate and main- 
tain pitting. Support for this comes from the fact 
that a moderate movement of water over the surface 


‘ Manuscript received February 14, 1955. 
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reduces the incidence of pitting and, at only 8 fpm, 
pitting is completely prevented in an otherwise 
aggressive medium (4). 

As the corrosion of aluminum has been shown to 
be under cathodic control a reduction of the total 
area exposed will reduce the local current since it will 
reduce the available cathode area. 

Thus, on this view of pitting corrosion the pitting 
probability should decrease as the sample area ex- 
posed is reduced and should become zero at some 
small value of the exposed area. 

The influence of area on corrosion probability has 
been studied by Mears and Brown (5). Their work, 
however, did not cover a range of areas sufficient to 
test the authors’ hypothesis that the pitting proba- 
bility becomes zero at some small finite value of the 
area, 


EXPERIMENTAL 


Since this work was carried out to determine 
whether there is a minimum area required to sus- 
tain pitting, attention was confined to pits actively 
propagating in tap water at the end of a week, 


Description of Material 


2S aluminum of the composition shown in Table I 
was employed throughout this investigation. The 
metal, obtained in the form of full hard sheets 0.064 
in. thick, was sheared into 8 in. x 6 in. panels and 
annealed for 14 hr at 400°C preparatory to use. 

The corrosive medium employed throughout was 
Kingston tap water, the composition of which is 
given in Table II. 


Procedure 


The panels were etched in phosphoric acid at 
70°C for 2 min, washed in running tap water for 20 
min, and air-dried for 15 hr. The surface of an 18.1 x 


| 
i 
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TABLE I. % Composition of metal used 


Cu e by difference) 
0.02 0.55 0.13 0.015 99.29 


TABLE II. Composition of Kingston tap water 


| ppm 


Residue on evaporation. foe 161 
Total hardness | 127 
Bicarbonates as HCO; .| 113 
Sulfates as SO, 22 
Chlorides as Cl. 16 
Magnesium... 
Silica...... 4 
Iron 0.05 


Copper 0.015 


270 recip. megohms 
at 20°C 


Electrical conductivity. 


TABLE III. Square sizes studied 


Size of square Square area Squares per panel 


cm cm? 
0.25x 0.25 | 0.06 3858 
0.50 x 0.50 | 0.25 912 
0.75 x 0.75 0.5 432 
1.0 252 
1.5 x 1.5 2.2 108 
4.5 x 3.4 15 16 
4.5 x 6.75 30 8 
9 x 6.75 61 4 
9 x 13.5 122 2 
I8 x 13.5 243 1 
TABLE IV. Pitting probabilities and 
total number of pits measured 
cm cm? 

14,432 | 0.25 x 0.25 0.06 | 0.001 46 0 
3858 0.50 x 0.50, 0.25 | 0.10 604 0.15 
1728 | 0.75 x 0.75) 0.56 | 0.25 724 0.38 
1008 | 1.0 x 1.0 1.0 | 0.47 | 644 0.55 
432 15x 1.5 2.25 | 0.50 293 0.42 

64 4.5 x 3.4 15.2 | 0.88 339 0.14 
32 4.5x 6.75) 30.4 | 0.91 | 219 0.03 
16 9x 6.75) 61 1 376 0 

8 | 9x 13.5) 121 238 0 
4); 


243 1 321 0 


13.5 em area of the panel was then divided into the 
requisite number of squares with wax solution 
(Xylol saturated with paraffin at 30°C) preparatory 
to exposing the samples. The various square sizes 
employed are given in Table III. Wax lines were 
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applied to the panels with 1, 2, 4, 8, and 16 squares 
with an ordinary ruling pen. The remaining panels 
were prepared by stamping a wax grid onto the sur- 
face with a rubber stamp (6). The wax was permitted 
to dry for 15 hr and then drops of tap water were 
placed in each of the squares formed by the grid. 
The panels were placed for seven days in a closed 
space over water as previously described (7), then 
removed, washed, and dried. The number of pits in 
each square was counted and the pitting probabilities 
computed. Four panels of each square size were ex- 
posed simultaneously. 


RESULTS AND DIscussION 


The probability of obtaining one or more pits per 
square, and the probability of obtaining only one 
pit per square were computed from the experimental 
data and are recorded in Table IV. In addition, the 
total number of pits developed at each level of sub- 
division is also presented. 

These data are also presented graphically as a 
function of the logarithm of the surface area ex- 
posed at each square size in Fig. 1. 

Examination of this figure shows that as the area 
exposed decreases from 243 cm? the pitting proba- 
bility remains constant at a value of 1 until the area 
has decreased to a value of about 60 cm*. Thereupon 
the probability decreases with decreasing area until 
it reaches a value of 0.001 at an area of 0.06 cm*. If 
the curve of the total number of pits developed is 
extrapolated to zero, it will cut the axis at an area 
of about 0.055 cm?; thus, at and below this value the 
pitting probability is zero. Hence it may be con- 
cluded that an exposed area of at least 0.055 em? is 
required for the initiation and propagation of a pit 
under the conditions of the experiment. 

These results are considered good evidence in 
favor of the view that pitting is due to a mechanism 
of the type presented in the introduction to this 


8 TOTAL NO.OF PITS 


8 
7 


PITTING PROBABILITY 


soo, 


AREA EXPOSED (CM?) 


Fig. 1. Pitting probabilities and total number of pits 
developed as a function of area. A—— A, Probability of 
one pit vs. area; @®——®, pitting probability vs. area; 
xX——-X, total number pits vs. area. 
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paper in which pitting is considered to be due not to 
specific macrodefects in the surface of the sheet, 
but rather to the prevention of complete passivation 
of the metal surface because of environmental dif- 
ferences set up through the agency of local action 
currents flowing over the surface of the metal. 

It is interesting to examine the dependence of the 
total number of pits developed on four panels on the 
degree of subdivision. This remains essentially con- 
stant with decreasing area until an area of about 
5 em? is reached, whereupon the number of pits starts 
to increase, goes through a maximum, and falls 
rapidly to zero, 

These results can be explained as follows. The 
total number of pits on a fixed area remains constant 
as long as the linear dimensions of the individual 
squares are greater than the distances over which 
the pits interact with each other. When the dimen- 
sions of the waxed squares become less than these 
interaction distances, then the total number of pits 
increases because interaction and suppression of 
pits between areas that originally pitted and areas 
that did not pit is now prevented by the wax lines 
and hence originally unpitted areas can now pit. 
When these dimensions are decreased still further so 
that the size of the waxed-off areas approaches the 
minimum required to sustain pitting the total num- 
ber of pits falls. 

The maximum probability that a square will con- 
tain one pit occurs at a size of 1 cm?. Since the pits 
were observed to be distributed randomly within 
the waxed-off squares, the maximum distance of 
influence of a pit is about +/2 cm, in other words, 
it will draw current from a cathode area of about 1 
em in radius under the conditions studied. 

It should be pointed out that the positions of the 
maxima and the shape of the curves will depend on 
the medium employed and especially on its con- 
ductivity, since changes in conductivity alter the 
extent of the cathode area from which the pit can 
draw current. 

Furthermore, more aggressive solutions or those 
of greater conductivity than the one herein employed 
permit greater local action currents to flow during 
the initial stages of attack and hence environmental 
differences are more easily established so that a 
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smaller exposed area is necessary to sustain pitting 
than that found in this work. Similarly, smaller local 
action currents would flow in solutions less aggressive 
or of lower conductivity than the tap water here 
employed and under these conditions a larger area 
would be needed to sustain pitting. 

The experimental results reported here substan- 
tiate the views developed in the introduction to this 
paper and are considered good evidence that pit 
sites are not due to specific local macrodefects in the 
surface of the metal, but rather arise in a random 
fashion through the interaction of myriads of anodic 
and cathodic elements on the metal surface between 
which local action currents flow on initial immersion 
of the sample in the corrosive environment. The net 
result of this interaction would be the production 
of an insoluble corrosion product which can be pre- 
cipitated in one of the three following ways leading 
to the three types of behavior indicated: 

(A) The corrosion product may be precipitated 
in contact with the metal surface completely pas- 
sivating it and stifling reaction. 

(B) The corrosion product may be precipitated 
in contact with the metal surface but incompletely 
passivating it, causing a localization of the attack 
and thus leading to pitting. 

(C) The corrosion product may be precipitated 
out of contact with the metal surface leading to 
general corrosion. 

If (B) occurs, the case in which we are here in- 
terested, it can be seen that pit sites will be dis- 
tributed in a random fashion. : 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JourNAL. 
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Electron Microscope Studies on Copper Deposits from 
Sulfate and Cyanide Baths' 


SHINZO OKADA AND SABURO MAGARI 


Engineering Research Institute, Kyoto University, Kyoto, Japan 


ABSTRACT 


Copper deposits from sulfate and cyanide baths, at low current densities, show lack 
of uniformity on various cathodes. The erystal structure of the base metal has a pro- 
found influence on the nonuniformity, which is characteristic for a given single crystal 
cathode, but differs markedly for the two different electrolytes. Planes parallel to (010) 
and (111) planes of the base crystal develop in a copper sulfate bath while, in a cyanide 
bath, planes develop parallel to the (130) plane of the base crystal. 


INTRODUCTION 


It has generally been considered that deposition 
of copper on a copper cathode tends to perpetuate 
the structure of the base metal. The relation between 
crystal growth and number of nuclei has been 
studied by Glazunov (1), while Takeyama has 
reported that, under favorable conditions, the copper 
deposited in the early stages of deposition consisted 
of a nearly perfect single crystal (2). 

The present study was made to determine the 
orientation of the deposit relative to that of the base 
metal, by means of the electron microscope. This 
approach presented two problems. One was the 
reproducibility of replicas, the other was to locate 
the identical spot on the cathode under the electron 
microscope before and after electrolysis. Satis- 
factory experimental solutions to these problems 
have been discussed elsewhere (3) and need not be 
detailed here. 


EXPERIMENTAL 


The copper sulfate bath contained 150 g/l copper 
sulfate pentahydrate and 40 g/l! sulfuric acid. The 
cyanide bath contained 22.5 g/l copper cyanide, 
30.0 g/l sodium cyanide, and 10.0 g/l sodium car- 
bonate. Electrolysis occurred, without agitation, at 
30°C in all experiments. The anodes were 2 cm x 
2 em rolled copper plates, while the cathodes were 
copper plates, characteristics of which varied for 
different experiments. One side of each anode and 
cathode was coated with polyvinyl formal. 

The negative replica method was used for electron 
microscopy. A benzol solution of polymethyl 
methacrylate was poured on the surface of the 
electrode before electrolysis and allowed to dry. 
The resin film was then carefully removed from the 
electrode, placed in a vacuum evaporator, first 

1 Manuscript received August 30, 1954. This paper was 


prepared for delivery before the Pittsburgh Meeting, Octo- 
ber 9 to 13, 1955. 


coated with aluminum and then shadowed with 
chromium in the usual manner. After deposition, 
the electrode was successively rinsed with distilled 
water and ethanol, dried, and again treated with 
polymethyl methacrylate as outlined above. The 
technique outlined previously (3) was used to 
locate the identical spot on the electrode under the 
electron microscope before and after electrolysis. 


RESULTS 
Deposition from Copper Sulfate Electrolyte 


On electropolished rolled copper—Copper was de- 
posited on the electropolished surface of a rolled 
copper plate, 2 cm x 2 em in area and 0.5 mm thick, 
at current densities between 20 ma/cem? and 1.6 ma/ 
em?. The deposit was almost uniform over the 
cathode, at higher, but not at lower, current densities. 
The lower the current density the more exaggerated 
was the nonuniformity. The electrolysis at higher 
current densities has been discussed earlier (4), and 
only the results for lower current densities are dis- 
cussed here. 

In Plate I (a) is shown the initial surface of a 
copper electrode that has been electropolished in 
50% phosphorie acid solution, in preparation for 
electrolysis. The ‘pine needle’? appearance was 
characteristic of all specimens prepared in this way. 

Electrodeposition for 2 min at 1.6 ma/em* gave 
the nonuniform deposit shown in Plate I (6), which, 
on further electrolysis for 22 min, gave the ac- 
centuated unevenness of Plate I (c). If it is assumed 
that the deposit is uniform over the surface, and that 
the current efficiency is 100%, the thickness of the 
deposit is about 1 yu. 

The nonuniformity of the deposit is believed to be 
due to preferential discharge of copper ions at 
different rates at the most readily accessible points 
on differently oriented crystals of the base metal. 
Under an optical microscope, it appeared that uni- 
form portions of the surface carried no deposit and 
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that the uneven parts were due to “islands’’ of the 
deposit. 
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On chemically etched rolled copper.—Copper was de- 
posited at current densities between 20 ma/cm* and 
1.6 ma/cm? on a rolled copper cathode etched with 
10% ammonium persulfate to reveal the (100) 
planes (5). The nonuniformity of the deposits was 
again observed at the lower current densities, as 
shown in Plate IT. 

On annealed copper.—With the rolled cathodes used 
in the previous experiments it was not possible to 
discern each crystal of the base metal clearly. It 
seemed possible that the rolling process had strained 
the metal in the cathodes, and the strains might have 
affected the deposits. A study was made, therefore, 
of the nature of deposits on rolled cathodes which 
had been annealed at 800°C for 5 hr to induce 
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larger crystals and relieve working strains. The 
initial surface of these cathodes, after etching with 
10% ammonium persulfate, is shown in Plate III (a). 
After electrolysis at 1 ma/em* for 3 min, the surface 
depicted in Plate III (6) was obtained. Further 
electrolysis for 30 min gave the surface revealed in 
Plate III (c). The isolated patches of deposit, char- 
acteristic of Plate I, did not appear, and the surface 
of the deposit was of uniform appearance. It appears 
that strains present in the rolled cathodes were, 
indeed, responsible for the lack of uniformity in 
deposits on such cathodes, and that the nature of 
the deposit over a given crystal was determined by 
the underlying crystal. 

On single crystal-copper.—To determine the relation 
between the orientation of the deposit and the 
crystal orientation of the base metal, copper was 
deposited on an electropolished cathode composed 
of two single crystals of known orientation. The 
cathode shows the pine needle design, with no 
erystal boundary evident, characteristic of the 
electropolished surface. After electrodeposition for 
17 min at 1 ma/cm?, the surface assumed the con- 
dition shown in Plate IV (a), where the crystal 
boundary is discernible. The boundary became 
accentuated after 53 min additional deposition, as 
shown in Plate IV (6); this is shown more clearly 


by the greater magnification of Plate V. The ability 
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2(b) 


to distinguish the boundary after deposition shows 
that the deposits on the two crystals were different. 

To determine the orientation of the mozaic blocks 
composing the two deposits, ordinary light reflected 
from the crystal facets of the electrodeposit was 
used as a means of establishing the position of the 
facets relative to a certain arbitrary set of axes (6). 
Then, with the crystal in the same position and 
using transmitted x-ray, the orientation of the 
original single crystal which was used as the base 
metal was determined. By comparison of the two 
sets of data it was learned which planes in the 
original base-metal crystal were approximately 
parallel to the facets of the electrodeposit. The x-ray 
study, however, does not yield information on the 
crystal orientation of the electrodeposit; such in- 
formation can be obtained only by electron diffraction. 

The two methods are illustrated schematically 
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Crystal 


2 


Fic. 3(b) 


in Fig. 1. The specimen was not rotated for the 
optical examination, and the refiected light was 
received on a photographic plate rather than ob- 
served visually. Optical data were directly com- 
TABLE I (a) parable with the transmission data; these are re- 

— — ~ — corded in Table I (a) and (b). The patterns of the 
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Crystal 2 


| = — | : back reflection from the deposits on crystals 1 and 2 

oe ae re a are shown in Fig. 2 (a) and (b), respectively. It will 

Deposit on | Optical | —40° | 72° | 148° | 73° € 10ted that the reflection spread considerably, 

polished | (P,) | (Ps) with the 0.5 mm aperture used, probably because of 

surface | | | imperfect orientation of the facets of the deposit. 


eo In Fig. 3 (a) and (b) are shown the correspondin 
Sulfate | Deposit on | Optical —40° | 72° | 142° | 73° B (a) (6) Mm B 


bath eched | er ae unit cells for crystals 1 and 2, as determined from 

OWS surface l l x-ray patterns. In Table I, the 6 and @ values for 
ent. Index of | X-ray | —40° | 68° | 145° | 65° the base crystals, from the x-ray analysis, show 
ocks (010) of | | only the index of the plane in the original crystal 
ected base which most nearly corresponds to the plane of the 
was | erystal | | reflecting facet of the deposit, as given by the 

(6). TABLE I (6) When the single crystal-cathode was etched with 
and 10% ammonium persulfate, rather than electro- 
the | ec Lee polished, and electrodeposition continued for 2 hr 
base | ‘ee oe a 6 at 1 ma/em?, the optical back reflection gave results 
two | Deposit oe | Optical | 113° | 50 | 14° 59° comparable with those obtained on the electro- 
the | polished crystals (Table 1). 
itely — | surface | It might be noted that, although the results in 
bath | Index of | X-ray | 114° | 56° —9° | 58° 
the (uD, results were obtained by continuous electrolysis. 
1 in- (111) of | 

tion. base Deposition from Copper Cyanide Electrolyte 
cally “Se On electropolished and etched rolled copper.—-Copper 


PLate Via). X5900 bd 
a! KO Crystal 2 


VI(b). 


was deposited from a cyanide bath on rolled copper 
cathodes at current densities between 10 ma/cm? 
and 1.6 ma/cm?. Regardless of whether the cathode 
had been electropolished or chemically etched, in the 
manner of the earlier experiments, no nonuniformity 
of the deposit was observed at any current density. 
All the deposits were very fine in crystal grain and 
smooth. 

On single-crystal copper.—To determine whether the 
deposit from a cyanide electrolyte would show a 
characteristic plane on a_ single-crystal cathode, 
copper was deposited on the electropolished _bi- 
crystal cathode described previously, at 0.5 ma/em? 
The initial surface of the cathode again did not 
reveal the crystal boundary. 

After electrolysis for 30 min, however, the bound- 
ary became evident [Plate VI (a)], and. further 
é electrolysis for more prolonged periods made it much 
more pronounced [Plate VI (b), electrolysis time of 
150 min}. Plates Vil (a) and (b), show the surface 
corresponding to Plate VI (b) under greater mag- 
nification. It is clear from the evidence presented 
that the deposit was influenced by the orientation 
of the base crystal. Data for the optical back reflec- 
tion of the deposit and x-ray examinations of the 
base crystals respectively are given in Table II. As 
before, x-ray data show which plane in the base 
crystal has indices nearest to those of the facet of 


October 1955 


Crystal1 | Crystal 2 


| 


| 

| | 

| Deposit on | Optical —105°| 78° |—165° | 78° 
| 


polished | (Pi) (Pe) 
surface | 
Cyanid | Deposit on | Optical '—102° 80° |—165° | 80° 
surface | 


| 
| | 
Index of | X-ray —100°) 
(130) of | 
| base 
erystal 


80° |—170° | 77° 


the deposit that gave the back reflection. Again, 
data for intermittent electrolysis were the same as 
those for continuous electrolysis. 

When the single-crystal cathode was chemically 
etched, electrolysis in the cyanide bath for 2 hr at 
0.5 ma/em* yielded a deposit for which the back 
reflection values are those shown in Table IT. 


DiIscussION 


Deposition from copper sulfate electrolyte-—The 
data of Table I are summarized stereographically 
in Fig. 4. P; and P», represent the normals to the 
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Fic. 4 
Fic. 6 
bis optical reflecting facets for the deposit on the 
i electropolished crystals 1 and 2, respectively. £; and are thought to be parallel to the (111) planes of the 
oe i, represent the corresponding facets for the deposit base crystal. 
on the etched crystals 1 and 2. While the four points It is concluded that the deposition from a sulfate 
ly conceivably represent the (171) plane, it is adequate bath on a single crystal occurs with planes parallel to 
of to associate them with the simpler (010) index. the (010) and (111) planes of the base crystal. 
ok The optical back reflecting facets of the deposit on Deposition from copper cyanide electrolyte-—The 
erystal 1, with the normals P; and £,, are heavily data of Table II are summarized stereographically 
shadowed planes of Plate V (a), and these are parallel in Fig. 6. As before, P; and P, represent the normals 
to the (010) plane of the base crystal. From Table I to the optical back reflecting facets for the deposit 
(b), the lightly shadowed planes of Plate V (a) are on the electropolished crystals 1 and 2, respectively, 
he considered to be parallel to the (111) planes of the and £; and ££», the corresponding facets on the 
vd base crystal. The back reflection facets of the deposit chemically etched crystals. The normals to these 
e 


on erystal 2, with the normals P: and E2, are the 
lightly shadowed planes of Plate V(b), and these 
planes are parallel to the (010) planes of this base 
crystal. From Table I (b), heavily shadowed planes 


Fia. 5(b) 


facets are near the normal to the (130) planes of the 
base crystal. Hence, the back reflecting facets are 
parallel to the (130) plane of the base crystal. Fig. 
5 (a) and (b) shows a unit cell of the base crystals 
1 and 2, corresponding to Plates VII (a) and (b). 
The lightly shadowed planes in Plates VII (a) and 
(b) are parallel to the (130) plane of the base crystal, 
shown by hatching in Fig. 5 (a) and (6). 

It is concluded that the deposit from a cyanide 
bath on a single crystal shows planes parallel to the 
(130) plane of the base crystal. 
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A Study of the Etching Rate of Single-Crystal Germanium’ 


Paut R. Camp? 


RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 


ABSTRACT 


A study has been made of the rate at which single-crystal germanium is etched under 
various conditions. For simplicity, the principal etchants used were composed of only 
H.O2, HF, and water. Data are given for the rate as a function of temperature and com- 
position of the etchant, and as a function of the orientation and impurity content of 
the crystal. An equation which assumes two reactions taking place in sequence on the 
surface fits the rate vs. temperature data within the limits of experimental error. In 
the range studied, the rate-controlling processes are sensitive to sample orientation. 
From etching data, a value was obtained for the thickness of the disturbed surface layer 
due to abrasive grinding. This was found to be in the range of 2-10 u and to depend on 
sample orientation and abrasive particle size. Comparative data are given for two com- 
mon etchants of a more complicated composition. 


INTRODUCTION 


For several years, the treatment of germanium by 
etching has played an important role in the produc- 
tion of germanium devices and in the preparation of 
samples for research purposes. In the last two years, 
such treatment has become an increasingly important 
tool for investigating the orientation and quality of 
germanium samples, different treatments revealing 
different properties of the material. But the treat- 
ments themselves have not been well understood. 
In the hope of progressing toward an understanding 
of these processes, a study has been made of the 
etching rate of germanium crystals under various 
conditions. For simplicity, most of the work has been 
confined to etchants containing only HF, H.Os, and 
water. In order to insure sample uniformity, all 
samples were cut from one large single crystal of 
As-doped, n-type germanium. Since the resistivity 
of the crystal varied slowly along its length, re- 
sistivities between 1 and 9 ohm-cm could be ob- 
tained by selecting samples from the proper region 
of the crystal. The samples were thin, usually of 
the order of 30 mils thickness, se that the ratio of 
face area to edge area was large. The error intro- 
duced by including the edge area as if it were of the 
same orientation as the face was less than 2%. 
The samples were held with polyethylene-coated 
tweezers and the area of contact was small enough 
to be neglected. Etching rates were obtained by 
measuring the loss of weight of a sample after a 
known etching time. Weights were measured to 
0.2 mg and the weight differences were usually of 
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prepared for delivery before the Chicago Meeting, May 2 
to 6, 1954. 

? Present address: Polytechnic Institute of Brooklyn, 
Brooklyn, New York. 


the order of 20 mg. Considerable attention was given 
to the freshness and composition of the etchants and 
to the surface preparation of the samples. In order 
that the circulation of the etching solution should 
not influence the results, all experiments were 
performed under conditions of agitation sufficiently 
violent that substantial changes in agitation made 
no difference in the etching rate. 


GENERAL PRECAUTIONS 


Since little was known about the effects of various 
parameters on the etching rate, much effort was 
devoted to insuring that only the parameter under 
investigation was influencing the results. This was 
done either by comparison of samples differing in 
only one respect, or by direct experiment to deter- 
mine what parameters could be ignored safely. 

Temperature—The temperature was maintained 
constant by immersing the etching vessel in a con- 
stant temperature bath. The volume of etchant 
used, about 60 ec, was large compared to the volume 
of the samples. The temperature of the etchant was 
measured directly to +0.3°C by means of a poly- 
ethylene-coated thermometer. 

Resistivity —The samples used were kept short 
so that the variation in resistivity along the length 
was less than +5% from the mean except for the 1 
ohm-em sample. Insofar as possible, samples were 
compared which were cut from the same depth in the 
crystal. All samples were labeled to show from what 
part of the crystal they came. Thus, the notation 
4(100)3-2 means that the sample was from the 
fourth resistivity region of the crystal, a (100) cut, 
and the third slab from the surface. This sample was 
then cut into smaller pieces, the -2 indicating the 
second such piece. 

Etch composition.—Etches were made up fresh 
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each day in batches large enough that the composi- 
tion was measured with an accuracy greater than 
the assay of the reagents used. Most work was done 
with the simplest etch (1 HF, 1 H.Os, 4H.O), called 
the No. 2 etch (see appendix for etch compositions). 
The variation in the concentration of the reagent 
H.O2 used (5 parts in 30) was sufficient to introduce 
a rate error of about +4%. However, in most 
experiments, the same reagent was used. Therefore, 
although the absolute values may have been affected, 
the accuracy of the comparisons was determined by 
other factors. 

Faust (1) reported that the presence of poly- 
ethylene in contact with the HF-H.O, etch in- 
creases the reaction rate. Both the reagent HF and 
H,O, in the present study were stored, prior to use, 
in polyethylene bottles. To determine stability, a 
stock solution of No. 2 etchant was kept in a poly- 
ethylene bottle for an additional six weeks; the rate 
measured at the end of this period was the same 
as that measured at the start. This indicates that 
etching solutions may actually be made up in large 
quantities and used over a considerable period of 
time. 

Weighing.Etching rates were obtained by 
measuring the loss of weight of the sample during a 
measured time of etching. Weights were measured 
to +0.2 mg. Weight differences were usually of the 
order of 20 mg. 

Agitation—In order to make certain that the 
rate of agitation used did not influence the results, 
a set of measurements was made of the weight loss 
of a sample etched under different conditions of 
agitation. This experiment was done at 40°C, a 
temperature at which the rate of etching was known 
to be high. The curve is shown in Fig. 1. One agita- 
tion is a movement to and fro of 1 in. in a 60-ce 
beaker containing 40 ce of solution, and it is seen 
that one or two agitations per second are enough to 
stabilize the etching rate. All subsequent measure- 
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Fic. 1. Effect of agitation on the etching rate. (One 
agitation is a movement to and fro of 1 in.) 
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ments were made at a rate of 2-4 agitations per 
second, well above the critical region. 

Surface preparation—Most samples were fine- 
ground with American Optical Company No. 305 
abrasive and all were pre-etched for 5-20 min in 
No. 2 etch at room temperature. As will be seen 
in the next section, this was apparently more than 
sufficient to remove the disordered surface layer. 


Rate vs. TIME oF Ercuine 


A number of thin samples was prepared by 
uniformly grinding their surfaces with No. 305 
abrasive in water on a glass plate. They were 
weighed, etched for a short time in No. 2 etch at 
constant temperature, and weighed again. The 
average etching rate for this interval was then 
computed. The etching and weighing process was 
repeated until the rates became constant. Average 
rates were plotted at the mid points of their respective 
intervals and a rate-vs.-time curve obtained. A 
representative sample of the experimental results is 
shown in Fig. 2. The values shown are for three 
differently oriented samples cut from the same 9 
ohm-cm crystal. A second set of data, obtained with 
1~} ohm-cm samples, resulted in similar curves, as 
did data for these samples ground with a coarser 
abrasive (No. 30319). 

The following explanation can account for the 
shape of the experimental curves, the measured 
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Fic. 2. Rate of etching as a function of time of etching 
and crystal orientation. Before etching was begun, the sur- 
face was finely ground with No. 305 abrasive. 
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TABLE I. Thickness of disordered layer vs. 


crystal orientation 


Approximate thickness 
of disordered layer in 
. | microns, for surface 
Sample indicated 
(100) | (111) | (110) 


Set 1. 9 ohm-cm No. 305 Abrasive 2 ek 3 


Set 2. 1-6 ohm-cm No. 305 Abrasive. 5 4 3 
Set 2. 1-6 ohm-cm No. 303!4 Abrasive 10 10 5 


Predicted relative values (see text) 10 | 0-12) 5 


thickness of the disordered layer, and its dependence 
on particle size and crystal orientation. Grinding 
produces pits whose basal area is of the order of 
magnitude of the cross-section area of the grinding 
particles. In the pits, there is a tendency for the 
cleavage planes (111) to be exposed. If the pits were 
simply formed by (111) planes, their depths would 
be in the order shown in the last line of Table I. 
(Only a range of values can be given for pits of this 
kind on the (111) surface because they may be 
truncated at any depth by the (111) plane parallel 
to the surface.) Pitting increases the etching rate by 
increasing the surface area. However, the rate will 
be modified by the particular faces present in the 
pits. As the crystal etches, the slow etching planes 
develop as pit faces in preference to the rapidly 
etching ones. For the (110) cut, the decrease in rate 
due to the development of slow etching faces in the 
pits ultimately dominates the increase due to 
area and results in the dip shown in Fig. 1. As 
etching progresses, the pits widen and grow shallower 
until their effect is negligible. The rate becomes a 
constant characteristic of the initial orientation of 
the sample and independent of previous surface 
history. 

The thickness of the layer which must be removed 
before the etching rate becomes constant can be 
estimafed from the curves of Fig. 2. Values of the 
range 2-10 uw are obtained. These are in the same 
range as the values for the thickness of the disordered 
layer reported by Faust (1) from life-time measure- 
ments and by Weissman (2) from x-ray line broad- 
ening studies. Clarke (3) has reported that the 
thickness of the disturbance which causes a change 
in the resistivity is an order of magnitude smaller 
(0.5 w). This suggests that those properties of the 
lattice which affect lifetime and line width are dis- 
turbed to about the same depth as the surface is 
cracked and pitted. If this is true, the disturbed 
surface layer should be a function of crystal orienta- 
tion and abrasive particle size. If the limit of the 
disturbance is arbitrarily defined as that depth at 
which the rate of etching has dropped to within 
10% of its final value, the results are as shown in 


Table I. 
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Rate vs. TEMPERATURE FOR VARIOUS ORIENTATIONS 


The temperature dependence of the etching rate 
was measured for three crystal orientations. Data 
are plotted in Fig. 3, and it is seen that they do not 
lie on a simple straight line corresponding to a single 
activation energy. The points with the dots in the 
center were taken initially, while those with the 
crosses in the center are supplementary data taken 
with the same samples at a later date. The data are 
fitted approximately by pairs of straight lines which 
intersect at a knee in the vicinity of room tempera- 
ture; the mean square deviation from these lines is 
about 5)9%. The slopes of the lines give the ap- 
proximate activation energies above and below 
room temperature as shown in Table II. 

There are three particularly interesting features of 
these data: the change in order as the temperature 
is reduced, the knee occurring in all three curves at 
about room temperature, and the parallelism of the 
(110) and (111) curves. 

At temperatures above 25°C, the rate is greatest 
for the (110) orientation and least for the (111) 
orientation. This order is in agreement with the 
order predicted some time ago from the etching of 
small germanium spheres (4). To check the reversal 
of order of the rates for the (100) and (111) surfaces 
at low temperatures, two adjacent samples were cut 
so that the (110), (111), and (100) surfaces were 
exposed. They were then ground identically and 
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TABLE II. Activation energy in kilocal/mole 


Above room temp Below room temp 


Face | Fitting by | | Fitting by 


| From slope | ocbcem) | From slope | eq. (1) 
(111) 7.4 6 | 12.0 | 15 


etched to remove the same amount of material. 
One was etched at 36.5°C, the other at 0°C, and the 
pit shapes compared. Characteristic pits were 
different and, assuming that the slow etching faces 
predominate in the pits, their shapes tended to con- 
firm the rate data. 

The question arises as to whether or not, on a 
microscopic scale, more than one crystal face etches. 
It seems evident that at least two different faces 
must etch, for Fig. 3 shows at least two orientation- 
dependent activation energies. Furthermore, if only 
two faces do etch, the measured rate should be a 
linear combination of these two rates. If only two 
faces etch and these are included in the group 
measured, the crystal geometry indicates that the 
rate for the third must be strongly affected by both. 
Thus, the reversal of order of the (100) and (111) at 
low temperatures becomes difficult to interpret. 
Apparently, therefore, if only two faces do etch, 
they are not any pair of the three studied. 

The general shape of the rate vs. temperature 
curves cannot be accounted for either as the product 
or as the sum of terms of the form A exp(—£/kT). 
However, if the process is analyzed as a sequence of 
operations taking place on a limited surface, an 
equation is obtained which fits the data to within 
the limits of experimental error. The fact that the 
surface plays an important role is clear from the 
dependence on orientation over the whole tempera- 
ture range. 

Consider n reactions taking place consecutively 
on a surface. The rate of each process will be con- 
trolled not only by the temperature and concentra- 
tion of the particular reactant involved, but also 
by the fraction of the surface available to that reac- 
tion. Thus, 


R; = a,c;”*f; exp (— E;/kT) 


where a; = constant associated with reaction j; 
c; = concentration of reactant involved in reaction 
j; p; = power to which c; enters reaction j; fj; = 
fraction of area available to reaction 7; 2; = activa- 
tion energy associated with reaction j. For the 
steady-state case, R; = = --- Rj = ---R,=R 
and by definition f; + fe + fi +--+: fx = 1. 
Applying these two conditions and solving for the 
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rate one obtains 


n 
R = 1/ (1) 
1 ajc;’ 


For a surface reaction in which there are only 
two important rate-controlling processes, this re- 
duces to 

1 
expEVkT) (11) 


R= 


Equation (II) correctly describes the observed 
rate temperature behavior over the range covered. 
For the (111) and (110) surfaces, this gives 


1.41 X 10° 
ac,”? 8.48 10" 


FE, 6 keal/mole 
15 kcal/mole 


and for the (100) surface it gives 


ayc,”' 7.50 x 10° 
2.37 10" 


E, 7 keal/mole 
E217 keal/mole 


vs. COMPOSITION 


Much of the published data on etching has stressed 
the importance of specific composition. A number of 
experiments were performed to learn how critical 
this dependence might be. From preliminary ex- 
periments, it had been supposed that the etching 
process proceeded by the oxidation of the germanium 
and the subsequent solution of the oxide. It was 
hoped that the composition experiments might also 
help in testing this interpretation. 

If the etching process does proceed by oxidation 
and subsequent solution, it would be of interest to 
find out what one can about the oxidation process. 
If GeO is formed, then since this is insoluble, a 
second oxidation to GeO, very probably takes 
place. It can be seen from equation (I) that insight 
into these steps cannot be obtained from rate vs. 
concentration data taken at constant temperature. 
For if there are h successive reactions which involve 
the same reactant to the same power, then the form 
of the equation is identical to that in which these h 
reactions are replaced by only one. That is, the 
terms 1/ayc? + 1/asce? 1/a,c” can be lumped 
together as 1/const. c’. (The exponential term is a 
constant at a fixed temperature and is included in 
the a’s.) Therefore, one cannot separate these h 
stages. Such a situation would arise if there were 
successive oxidations as proposed. 

As the concentration of one reactant approaches 
zero, it is seen from equation (I) that 
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Fia. 4§Rate of etch vs. the ratio of the volume of re- 
agent HF. to total volume of solution. 
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Fic. 5. Rate of etch vs. the ratio of the volume of re- 
agent HO, to total volume of the solution. 


Therefore, rate vs. concentration data should ap- 
proach the origin asymptotically to the rate axis if 
p; < 1, asymptotically to the concentration axis 
if p; > 1, and with a finite slope if p; = 1. From 
the measurements of rate vs. concentration for 
HO, and HF, Fig. 4 and 5, it appears that p = 1 
for dilute solutions in each case. If the concentration 
of both the H,O, and HF are varied simultaneously, 
as by simple dilution, the rate varies as shown in 
Fig. 6. 

Fig. 7 shows the rate temperature behavior for 
several compositions. Curve (a) is for the standard 
composition, curve (b) for simple dilution, and 
curve (c) for a solution in which the concentration 
of the H.O, has been reduced. The high tempera- 
ture portions of all three curves have nearly the 
same slopes. The low temperature portions of (b) 
and (c) have the same slope, but this is different 
from that of (a). It is possible that when the rate is 
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reduced sufficiently by reduction in the concentra- 
tion of one or both of the reactants, a third limiting 
process (e.g., diffusion) begins to appear. In the 
light of equation (I), Fig. 7 might be interpreted to 
mean that both rate-controlling processes are de- 
pendent only on the concentration of the oxidizing 
agent, for example, the formation of a monoxide 
and then a further oxidation to a dioxide. In this 
case, energies obtained from the curve would be for 
successive oxidations. However, comparison of the 
rate vs. dilution data, Fig. 6, and the measurements 
of the rate as a function of the concentration of 
H.O, and HF (Fig. 4 and 5) show that both the 
H.O. and HF play rate-controlling roles over a wide 
range of concentrations. If the measured concen- 
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Fia. 6. Effect on etching rate of diluting etchant with 
water. 
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TABLE III. Ratio of etching rates for 4-1-16 
and 1-1-4 compositions of HF-H.O.-H.O 
etchant 


Relative etching rate 


| Calculated Measured 
3.7 0.7 | 0.6 
3.3 0.38 0.46 


3.0 0.33 0.48 


trations are substituted into equation (I) (only ¢ 
and ¢ are changed), one obtains a new curve which 
should coincide with the experimental curve for 
the new composition. Calculated and experimental 
ratios relating the rates for a 4-1—-16 (HF, H.O», 
H.O) composition to that of the standard 1-1-4 
composition are given in Table IIT. 

The agreement is not particularly good, but 
allowance has been made neither for dissociation in 
computing the new concentrations, nor for a third 
limiting process. 

Using equation (I) to solve for the fractions, f; , 


fs, ete., one finds that f; = It be- 


comes clear that, by varying the conditions, the 
fraction of the surface area covered with any par- 
ticular reaction product may be varied. In this con- 
nection, it is worth mentioning a film which has been 
observed to form under conditions of reduced con- 
centration of H,O, (about 1 part pure H.O, to 20 
parts of total solution). It did not form during the 
etching or in distilled wash water. However, it did 
form immediately upon exposure of the freshly 
etched surface to air. The film is not soluble in water 
or in a 15% solution of HF in water. It is quickly 
removed by washing in a dilute H,O, solution. It 
seems quite possible that the Ge is nearly bare when 
washed but that, on exposure to air, a monoxide 
layer forms. This is then fairly stable until oxidized 
to a dioxide by the H,O.. The dioxide is slightly 
soluble in water. 


Rate vs. IMpuRITY 


To determine to what extent these results could be 
generalized to apply to other crystals differing in 
impurity content, measurements were made of the 
effect. of varying the concentration of arsenic, the 
effect of changing the type of impurity, and the 
effect of thermally quenching a sample. 

Fig. 8 is a plot of the temperature dependence of 
the etching rate of a 9.4 ohm-cm sample, (111) sur- 
face. Plotted on the same graph are the points for a 
1 ohm-cm sample, (111) surface orientation, as a 
function of temperature, and data for (100) and 
(110) surfaces at one temperature. The single 
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temperature points are the result of more than one 
observation. Close inspection of the results indicates 
that the 9 ohm-cm material etches slightly more 
rapidly than the 1 ohm-cm material. The difference 


is close to the estimated limit of experimental error, 


but appears to be reproducible, These samples were 
arsenic doped. 

Further, more careful measurements have been 
made for all three orientations at room temperature. 
It was found that in each case the rate for 9 ohm-cm 
material was 7% greater than that for 1 ohm-cm 
material. Thus, somehow, four parts per hundred 
million of arsenic seem to inhibit the etching sig- 
nificantly. It is quite remarkable if one impurity 
atom on the surface masks 2.3 million germanium 
atoms or if the cross section for inhibition is 1.8 
X 10~* em®. It is significant also that somewhat in- 
complete data (Fig. 8) show this to be true over a 
wide range of temperatures. This offers a tempting 
subject for further study. 

To find out if the rate of etching is strongly de- 
pendent on the type of impurity, samples containing 
vanadium (6 ohm-cm), antimony (2 ohm-cm), 
gallium and antimony balanced (0.7 ohm-cm), and 
indium (0.02 ohm-cm) were measured. All etched 
faster by about 10% than arsenic-doped material of 
2 ohm-em resistivity. However, control on the orien- 
tation was poor and these results are in doubt by 
perhaps 15%. At least no striking differences were 


TEMPERATUR OEGC 


100,82 49 40 307 256 65 74 -435 
7 T 
| 
Z10 
« 4 
| 
= 
2 £ 
a | 
= 
| 
) — 
—| —81100)2} 9 * 
— 2(100)3$ 1 OHM-CM 
— 24110)3 | 
( Vr)x10" in (DEG. K) 


Fria. 8. Rate of etch vs. 1/7  10°(°K)~ for different re- 
sistivities (No. 2 etch). ; 


ra- 
ng 
to 
le- 
ng 
ide 
his 
for $$ $$$ 
che 
nts 
of 
the 
ide 
i 


592 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


observed. The best evidence to date that some 
impurities have a different effect on the etching 
rate than others came from the etching of small 
spheres. Spheres from crystals containing antimony 
and indium balanced (6 ohm-cm), phosphorus (0.1 
ohm-cm), thallium (0.8 ohm-cm), and gallium (0.3 
ohm-cm) were all etched to equilibrium form in the 
No. 2 etch. Of these, only the gallium-doped sample 
showed a marked difference from samples doped 
with arsenic. This difference was not great. For the 
gallium-doped sample alone, the equilibrium form 
was not a dodecahedron. This was‘an indication that 
the (110) plane was not the fastest etching plane. 
It appeared rather that a plane tilted very slightly 
away from the (110) toward the (100) etched most 
rapidly. 

In order to find out quickly the effect of prior 
thermal treatment on the rate of etch, a simple 
experiment was tried. Two adjacent (100) slabs 
were cut from crystal T125N (n-type, 1 ohm-cm, 
arsenic doped). One of these was heated to a dull 
red heat in a gas-air flame for about a minute and 
then quenched by removal. This was repeated three 
times. The etching rate of the two samples was then 
compared at 21.8°C and found to be identical to 
better than the estimated error (2%). 


COMPARISON OF ETCHANTS 


Many different etchants are used in practice. 
Some of the most common are listed in the Appendix. 
The rate-vs.-temperature dependence of the No. 2, 
No. 3, and No. 4 etchants have been studied. Some 
results are plotted in Fig. 9. Data for the No. 3 
etchant are very erratic and data for the No. 4 
etchant are even worse, so that no curve can be 
drawn. Two of the points are completely off the 
graph. Some of the experiments performed in ob- 
taining these data suggest that sometimes there is 
formed, on the surface of the germanium, a layer 
which acts to passivate or otherwise inhibit the 
reaction in these etchants. For example, a brief 
etch in No. 2 will make the sample almost immune 
for a time (a minute or more) to the action of the 
No. 3 etchant. No such inhibiting action has been 
observed in using the No. 2 alone. It follows that it 
may be desirable to use a concentrated version of the 
No. 2 etchant for the operations in which the No. 3 
or No. 4 is normally used. An idea of the rates ob- 
tainable may be derived from the rate-vs.-dilution 
curve, Fig. 6. An undiluted mixture of reagent HO, 
and HF gives a rapid etch. If a dioxide forms 
ultimately in H,O., then peroxide and pure water 
should etch germanium. An experiment to determine 
this was performed and it was found that a (111) 
surface is etched by 1 part 30% H.O, in 5 parts 
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Fic. 9. Rate of etch vs. 1/T X 10°(°K)~ for three dif- 
ferent etchants. The erratic behavior of the No. 3 and No. 
4 etchants makes it useless to draw curves through these 
data. 


water at 26°C at a rate of 0.0275 »/min. This may 
constitute a useful slow etchant. 
CONCLUSIONS 

It has been found that an aqueous solution of HF 
and H2Oz is a reliable etchant for germanium. It is 
stable for long periods of time when stored in 
polyethylene and yields readily reproducible results 
for a wide range of temperatures and compositions 
when used under conditions of vigorous stirring. By 
suitabily adjusting conditions, rates as low as 0.03 
u/min or as high as 20 u/min may be obtained at 
room temperature. The etching rate is dependent on 
crystal orientation, surface disorder, and crystal 
impurity content, the rate being fastest for the (110) 
surface and pure germanium. The increase with 
surface disorder is comparable to the increase in 
surface area. The etching attack is apparently 
limited by two distinctly separate processes which 
take place in sequence on the surface of the crystal. 
Over the temperature range 0-60°C the rate of 
etching is found to obey an equation of the form 

E;/kT 
R=1 / 
1 


P 
ajc; 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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REFERENCES HNO; Reagent Quality (Baker) Minimum Assay 69.2% 
1. J. W. Fausr anv J. P. McKetvey, Joint IRE-AIEE Con- pay ins Quality (Allied Chemical Co.) Minimum 
is h State Coll ee 
CH;COOH Reagent Quality (Merck) Minimum Assay 
2. 8. WerssMaAN, Private Communication. 99.8% 
3. E. N. Cuarke anp R. L. Hopkins, Reported at Joint 
IRE-AIEE Conference on Transistor Research, Penn No. 2 No. 4 
State College, July 6-8, 1953. 1 t HF 50 cc HNO 
4. P. R. Camp, MIT Conference on Physical Electronics, , pe H.O 20 ™ CH aca 
Cambridge, Mass., Mareh 27-29, 1952. 
4 parts H.O 30 ce HF 
APPENDIX 0.6 ce Br 
ComPosiITION OF ComMMONLY Usep No. 3 
GERMANIUM ErcHants 56 ce HF 
H,0; Technical Quality (Allied Chemical Co.) Assay 56 cc HNO; 
30-35% 12.5 ce 
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Electrokinetic Potentials of Bulk Metals by Streaming 
Current Measurements 


I. Method 


Ray M. Hurp anp NorMAN HACKERMAN 


Defense Research Laboratory and Department of Chemistry, The University of Texas, Austin, Texas 


ABSTRACT 


A method for making a direct measurement of the streaming currents developed by 
fluid flow through metal capillaries is described, by means of which the electrokinetic 
(¢) potentials of bulk metals can be determined. Experimental data proving the va- 


lidity of the method are presented. 


STREAMING POTENTIAL VS. STREAMING CURRENT 


Although the electrokinetic phenomenon resulting 
from fluid flow through a capillary has been his- 
torically referred to by the expression ‘streaming 
potential,” it is nevertheless a fact that the primary 
result of the fluid flow is a streaming current. The 
value of this current is given by the equation 


4Pr'Ds 


Anl 


(I) 


where AP is pressure drop across the capillary; 
r and | the capillary radius and length; D and 7 the 
dielectric constant and viscosity of the fluid; and 
¢ is the electrokinetic (or zeta) potential. 

With but one exception, all previous measure- 
ments on this phenomenon have been made by 
placing measuring electrodes at the ends of the 
capillary and, by means of a potentiometer, applying 
just enough potential, 2, , to force an equal electro- 
lytic current back through the center of the capil- 
lary (1). Since the electrolytic resistance R of the 
fluid inside the capillary is easily obtainable from the 
capillary dimensions and the conductivity k of 
the fluid, a direct relation between ¢ and BE, is 
available, i.e., 


(II), 


The fact that investigations in this field have been 
restricted almost exclusively to measurements of 
the streaming potential is explained by the ex- 
ceedingly low value of the streaming current, which 
is usually in the order of 10-" to 10-"' amp. Instru- 
ments for measuring currents of this magnitude 
directly have not been available. On the other hand, 
the electrolytic resistance of the capillaries studied 
is often as high as 10° ohms, so that the values of 


1 Manuscript received February 9, 1955. 
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streaming potentials obtained run into the hundreds 
of millivolts, a value easily and accurately meas- 
urable with a potentiometer. Furthermore, as long 
as the return current necessary to balance the 
streaming current could be forced to take a path of 
known resistance, there was no necessity for actually 
measuring the streaming current, as it could be 
obtained simply from Ohm’s law. This has been 
precisely the case in almost all previous studies on 
this phenomenon, i.e., the materials used to form 
the capillaries have been nonconductors, so that the 
only path available for the return current has been 
the known electrolytic resistance back through the 
center of the capillary. The only appreciable trouble 
with potential measurements has been in deter- 
mining the value of “surface conductance,” a 
correction to the calculated electrolytic conductance 
which is necessary because the concentration of ions 
near the wall of the capillary is somewhat higher 
than that in the bulk of the liquid. 

If now the nonconducting capillary wall is re- 
placed by an electronic conductor, e.g., platinum, 
then measurements of streaming potentials as 
usually made are likely to be meaningless, or at best 
very difficult of interpretation, since the value of R 
can no longer be determined unequivocally. In this 
case, the path for the return current is a parallel 
circuit of three separate resistances, which are: 
(a) electrolytic resistance, R, , which can be deter- 
mined exactly; (b) resistance to conductivity along 
the surface, R., usually much larger than FR, , and 
which can be estimated with fair accuracy; and (c) 
resistance through the metal wall, R;, which is 
itself composed of three parts (see below), only one 
of which can be determined. 

It can be stated with reasonable certainty, how- 
ever, that in most cases the values of R, and R: 
will be so very much larger than R; that they may 
be neglected entirely. Thus, for the largest diameter 


E, = IR = —— | 
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‘apillary used in these experiments, the electrolytic 
resistance (2,) with distilled water is calculated to 
be 1.2 & 10° ohms. Surface conductivity (through 
R.) may decrease the total electrolytic resistance 
some 10%, so that these two parallel paths yield a 
resistance of some 10° ohms. Now, as shown below, 
even with all possible precautions taken to increase 
the value of R;, it is still no larger than about 5 x 
10’ ohms. It remains, then, only to investigate the 
nature of R;. In order for the return current, J, to 
flow through the capillary wall, it must: (a) enter 
at one end by means of an electrode reaction re- 
quiring a potential drop, /; , (b) flow electronically 
through the metal wall causing an 7R potential drop, 
and (c) return to the solution at the other end via 
another electrode reaction and an additional po- 
tential drop, E2 . Because of the very small values of 
I and of the electronic resistance of the capillary 
wall, the second term may be disregarded, and the 
measured streaming potential is then composed of 
the terms E, and F,. Although there is very prob- 
ably some relation between the streaming current 
and the potentials 2, and FE, , it would be exceed- 
ingly difficult to determine, and would change 
radically from one system to another. 

In view of the difficulties described above, it is 
apparent that any attempt to determine ¢-potentials 
by making streaming potential measurements on 
metal capillaries is foredoomed to failure. This was 
recognized by Kruyt and Oosterman (2), who 
attempted to make streaming potential measure- 
ments on platinum capillaries with no success. 
They explained the failure of their experiments by 
pointing out the existence of the lower resistance 
path through the metal. An earlier investigation by 
Zakrzewski (3) on silvered glass capillaries also 
yielded results which showed only that some type 
of electrical phenomena did result when a liquid 
was forced through a metal-walled capillary. 


BASIS OF THE STREAMING CURRENT METHOD 


The solution to the problem of measuring the 
¢-potential of bulk metals? lies in the use of an ex- 
ternal measuring circuit with an electrical resistance 
so low that the bothersome shorting resistance of 
the capillary wall is itself shorted by a known 
resistance. Under these conditions, all the streaming 
current, except for a negligible fraction, must return 
through the external shunt. Preliminary investiga- 
tions indicated that the value of the “apparent” 
resistance of the capillary is in the order of 10° to 


2 Potc..tials of metals have often been measured by using 
electrophoretic methods on metal sols. The validity of this 
method can also be questioned because of the conducting 
properties of the particles. 
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10’ ohms. An external measuring resistor of 10! 
ohms, then, should effectively shunt the capillary, 
so that measurements of the emf developed across 
the shunting resistor should give a true value for the 
streaming current. The applicability of this method 
was recognized earlier by Eversole and Boardman 
(4), in a study designed primarily to eliminate the 
effect of surface conductance. They pointed out, 
however, that use of this method should give true 
values of the streaming currents on metal capillaries, 
and reported results of measurements made on one 
platinum capillary. They were unable to short the 
capillary entirely, but used an extrapolation method 
to obtain the “true” value of the current. Use of the 
extrapolation method was necessary because in- 
strumentation capable of measuring the low voltages 
developed by currents of 10-' amp flowing through 
10* ohm resistors (microvolts) had not at that time 
been perfected. The lowest value of external re- 
sistance they were able to use was 1.6 & 10? ohms, 
which is near the value of the capillary resistance 
itself. Recent advances in electronic circuitry have 
resulted in the development of extremely sensitive, 
yet stable, instruments for measuring voltages in 
the microvolt region. With these instruments it is 
possible to use the streaming method on metal 
capillaries, and thereby obtain a true value for the 
¢-potential of bulk metals in contact with various 
liquids. 


Crrcuir ANALYSIS 


The construction of the metal capillaries, pressure 
regulating system, and other experimental pro- 
cedures, will be given in a subsequent paper, along 
with the results obtained on capillaries of three 
different metals (platinum, gold, and silver). The 
purpose of the present paper is simply to describe 
the method and demonstrate its validity. 

Fig. 1 shows a line drawing of the electronic 
circuit and the fundamental parts of the fluid flow 
circuit. The streaming current was measured by 
recording the voltage drop across a ten thousand 
ohm resistor inserted into the external “shunting” 
circuit. This arrangement creates a closed circuit of 
two electrolysis cells in parallel, equivalent to the 
type shown in Fig. 2. Here A and B represent the 
measuring electrodes, C and D the ends of the capil- 
lary, and R the external resistor. The measuring 
electrodes are placed as near the capillary ends ag 
possible so that electrolytic resistance through that 
part of the solution may be neglected. The solution 
contact through the capillary is not shown. The + 
and — signs indicate that ionic charge has been 
transferred through the capillary by fluid flow, and 
must now be returned by one or both of the two 
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Fig. 1. Electronic circuit for streaming current measure - 
ments. 


8 


Fig. 2. Equivalent electrolysis cell. A and B are measur- 
ing electrodes, C and D are the capillary ends, FR is the ex- 
ternal resistor, + and — indicate transfer of charge by fluid 
flow. 


circuits A — B or C — D The potential drop 
through the measuring circuit is composed of three 
terms, viz.: 


= Ey. (IIL) 


The potential drop through the capillary was shown 
earlier to be composed of two terms, which is written 
here as: 


E, = Ec + Ep. (IV) 
Since the circuits are in parallel, E,; = EF. , and 
E. + + + Ep. (V) 


At low current densities, each of these £’s may be 
replaced by a term k//a (4), where a is the area of 
the electrode (or metal) exposed to the solution, / 
the current flowing into (or out of) the electrode, 
and k a “constant”’ of proportionality, so that equa- 
tion (V) becomes 


E kn + = E + (VI) 


ae ap 


? As pointed out previously, the ionic resistance through 
the capillary is so large that it may be neglected as a return 
path. 
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and since a, & a, and ac = ap, then 


+ 
I 
I, . 


Although the values of the k’s in this equation 
are not known, it is possible to show that the ratio 
I,/Tz, can be made so large that the value of J, truly 
represents the streaming current. 

If the value of FR is much less than the quantity 
[ka + , equation (VII) reduces to: 


I, ke + 
ka + ke Aco 


which means that small changes in R (doubling, 
tripling, etc.) should not affect the measured quan- 
tity, J, . However, if R is much larger than [k, + 
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Fic. 3. Current in the external circuit as a function of 
the external resistance. 
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Fia. 4. Pressure-current curve for the 0.0138 x 1.724 em 
gold capillary in distilled water. 
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ky\/aax , then equation (VII) becomes L&N Model “G” Speedomax recorder. This com- 
bination results in a recording millimicro-ammeter 
(IX) with an internal resistance of 10,000 ohms. Current 
2 cD 


and small changes in R will be immediately reflected 
in /,. Furthermore, if equation (VIII) applies when 
R = 10,000 ohms, it is possible to increase the value 
of R until equation (IX) applies, at which point J; 
will begin to decrease, and with still larger values of 
R it will approach zero asymptotically. This ex- 
periment was carried out with distilled water (con- 
ductivity < 2.0 & 10~*) and capillaries of each of the 
three metals, and gave the results shown in Fig. 3. 
A similar curve was obtained when the measuring 
electrodes were removed further and further from 
the ends of the capillary, with no decrease in J, 
noted until the electrodes were some 10 cm removed. 
It is apparent from the figure that, for values of R 
less than 10° ohms, equation (VIII) applies, and 
that /.is negligibly small. For the platinum capillary, 
since the measuring electrodes are also platinum, 
k, + kg is approximately equal to ke + kp , so that 
the currents will split according to the ratio of the 
areas @4%/Acp . The results shown in Fig. 3 indicate 
that this is also true for the gold and silver capil- 
laries. For this reason, the capillaries were con- 
structed so that as little metal as possible (ac¢p) 
would be exposed to the solution. With aep small, 
increasing 4, , as by platinizing, had no measurable 
effect. on the current J; . 

The potential drop across the 10,000 ohm 
resistor was amplified by means of a L&N Model 
9825-B microvolt amplifier, and then fed into a 


readings were easily reproducible to within 1%, 
and held steady for long periods of time (>5 min). 
The ¢-potential was calculated from the equation 


which was obtained upon rearranging equation (I). 
Measured values of J were plotted against the applied 
pressure, the slope of this line giving the quantity 
[[/AP|. A typical plot is shown in Fig. 4. Measure- 
ments were made on platinum, gold, and silver 
capillaries in contact with distilled water and dilute 
aqueous electrolytes; results of these measurements 
will be presented in a second paper. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL. 
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Impedance Measurements at Solid Electrodes in Molten 
Lithium Chloride-Potassium Chloride’ 


H. A. LAIrinen R. A. OsTERYOUNG? 


Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 


ABSTRACT 


Impedance measurements have been made at solid microelectrodes in molten potas- 
sium-lithium chloride eutectic, and in dilute solutions of platinum(II), nickel(II), 
and cobalt(I1) in the eutectic as a solvent. Capacitance and resistance measurements 
are described for forward (cathodic) polarization of a platinum microelectrode and 
for reverse polarization of the plated microelectrode. The results are interpreted in the 
light of a theoretical interpretation of pseudocapacity. 


INTRODUCTION 


Impedance measurements at microelectrodes have 
been used to obtain information relating to the 
kinetics of electrode reactions occurring at the 
microelectrode surface. The theories involved have 
been developed by several authors, especially 
Randles (1), Grahame (2), Ershler (3), and Gerischer 
(4). Generally, these techniques have found most 
application to reactions in aqueous solutions using 
dropping mercury electrodes. Ershler (3) and 
Hillson (5) have developed the theory for a metal 
electrode in equilibrium with its ions. 

The normal procedures used in obtaining the 
needed measurements are as follows. An a-c bridge 
is used to measure a gross series or parallel resistance- 
‘“apacitance combination. The solution resistance is 
measured in the presence of the excess supporting 
electrolyte which must be used and before any 
reducible species are added. The double layer capa- 
city is measured as a function of potential in a 
solution of the supporting electrolyte. Measure- 
ments of the gross resistive-capacitative com- 
ponents are then made with the reacting species 
present. For rate constant determinations, this is 
usually done at the null potential, generally by having 
equal concentrations of the reduced and oxidized 
form in solution, or, for metal deposition, using a 
mercury amalgam of the same concentrations as the 
reducible metal ion in solution. Where a solid metal 
electrode is used, as in the study of copper deposi- 
tion by Hillson (5), the use of a large copper refer- 
ence electrode and copper microelectrode places the 
system at its null potential. From these measure- 
ments, it is possible to separate vectorially the gross 


' Manuscript received January 24, 1955. This paper was 
prepared for delivery before the Cincinnati Meeting, May 
1 to 5, 1955, and was abstracted from the Ph.D. thesis of 
R. A. Osteryoung, University of Illinois, 1954. 

? Present address: Department of Chemistry, Rensselaer 
Polytechnic Institute, Troy, New York. 


measurements into the separate components (1, 6). 
The expressions for the pseudocapacity and polariza- 
tion resistance as applied to a case of a solid electrode, 
where the diffusing oxidized species is reduced to 
the metal which deposits on the electrode, are 


(4, 5, 7): 
nF AC 2D 
(IIT) 


Where R, 7, n, and F have their usual significance, 
C is the concentration of the oxidized form in solu- 
tion, A the area of the electrode, D the diffusion 
coefficient of the diffusing oxidized form, / the 
heterogeneous rate constant defining the rates of the 
opposing dissolution and deposition reactions at 
the equilibrium potential as kC moles per second 
per unit of area of electrode surface, and w being 
2x times the frequency of the small a-c bridge signal. 
Thus, according to the theory, if the polarization 
resistance and the impedance due to the pseudo- 
capacity are plotted against the reciprocal of the 
square root of frequency, two parallel straight lines 
should be obtained and the separation between the 
two straight lines is related to the rate constant k 
by equation (III). 

The more general technique of Grahame (2) 
consists of applying a d-c base potential, on which 
is impressed the small (10 mv or less) a-c bridge 
signal. In this manner, a plot of the resistive and 
capacitative component due to the electrode reaction 
against the applied d-c potential is obtained. For 
reversible reactions occurring at the dropping 
mercury electrode, Grahame has shown that the 
impedance reaches a minimum at the polarographic 
half-wave potential and that, as the rate of the 
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reaction decreases, that is, it becomes less reversible, 
the extent of the minimum in the impedance-d-c 
potential curve lessens and gradually shifts away 
from the reversible half-wave potential. 

For the case of a single diffusing species, such as an 
infinitely rapid reversible metal-metal ion electrode, 
the impedance should be inversely proportional to 
the slope of the c.-v. curve (7), and should approach 
infinity with cathodic polarization as the diffusion- 
limited plateau is approached. With anodic polariza- 
tion, no plateau is approached, and the impedance 
should approach zero. 

In the present work, impedance measurement 
techniques were applied to dilute solutions of 
platinum(IT), nickel(II), and cobalt(II) in a lithium 
chloride-potassium chloride eutectic melt at a tem- 
perature of 425° + 10°C, using platinum electrodes. 


EXPERIMENTAL 


Fig. 1 is a diagram of the a-c bridge used in this 
work. The signal generator was a Heathkit Audio 
Generator, the output of which was fed into the 
bridge through the shielded audio transformer, 7’, 
which was a 4:1 stepdown transformer. The output 
of the signal generator was set at 40 mv; this coupled 
to the bridge through the transformer meant a 10 mv 
applied alternating signal. R, and R, were Leeds & 
Northrup decade resistance boxes. C, was a General 
Radio precision decade capacitor, which was wrapped 
in copper screening to reduce stray pickup. C; was a 
General Radio 1.0 uf precision mica capacitor. The 
potentiometer was a Leeds & Northrup student 
type. R. was a 0-0.5 megohm wire wound resistor, 
which led to the positive lead of the Sargent ‘“‘Am- 
pot.”” The amplifier was a Heathkit WA P-2 audio 
amplifier. The high voltage to the amplifier was sup- 
plied by a Heathkit variable Voltage Regulated 
Power Supply. The filament supply was a 6 v lead 
storage battery. A 304H du Mont Cathode Ray 
Oscilloscope was used. 

The cell was a Pyrex glass tube, 13 in. long, 40 mm 
in diameter with a side arm of 9 mm tubing attached 
to a vacuum pump. The electrodes were inserted 
into holes in a No. 9 rubber stopper. The micro- 
electrode was made of B. and 8S. gauge No. 26 
platinum wire sealed into 6 or 8 mm tubing. The 
exposed length was approximately 1 mm. The two 
foil electrodes were hammer-welded to platinum 
wire. They had a surface area greater than 2 cm’. 

The cell was filled with 100-120 g KCI-LiCl 
eutectic mixture, and a solid rubber stopper was 
placed in the opening. The mixture was fused under 
vacuum and allowed to remain under vacuum 
overnight. Air was then admitted, the solid stopper 
removed, and the stopper with the electrodes in- 
serted. Small amounts of reducible material could 
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Fic. 1. Impedance bridge. 8.G.—Heathkit audio gen- 
erator; Pot.—student-type potentiometer; Ampot—E. H. 
Sargent and Co.; Ri, Rp—O-11, 110 ohm variable decade 
resistors; Cp—0-1.110 uf variable capacitor; C;—1.00 micro- 
farad capacitor; R:—500,000 ohm variable resistor; Amp— 
Heathkit WA-P2 audio amplifier; Ose—du Mont cathode 
ray oscillograph; 7'—4:1 stepdown shielded audio trans- 
former; L—60 cycle pickup loop; E£,—platinum micro- 
electrode; H;—platinum foil working electrode; E;— 
platinum foil reference electrode. 


be added by removing the electrodes and dropping 
the desired material down a large glass tube which 
served as a funnel. 

To determine if the bridge was operating properly 
a decade resistor and capacitor were connected in 
series in place of the cell and measurements made at 
various frequencies. 

By means of the Ampot, a d-c potential could be 
applied across the microelectrode, #,, and the 
working platinum foil, The potential at 
was measured with respect to the platinum foil 
E;, using the potentiometer. R, served to prevent 
shorting the a-c signal. By having the balancing 


resistor, R,, and capacitor, C,, in parallel, the 


impedance of the cell appeared as a resistance and 
capacitance in series (8). The impedance measured 
is that associated with the microelectrode, since 
any impedance due to the large electrode would be 
in series with that of the microelectrode, and would 
be much smaller than that of the microelectrode. 
With R;, adjusted to a suitable value, a potential was 
applied with the Ampot. The off balance a-c signal 
was fed through the amplifier to the Y plates of the 
oscilloscope. A loop of wire attached to the X plates 
of the oscilloscope served to pick up a 60-cycle 
signal. The result on the oscilloscope face was a 
pulsating Lissajou figure. By adjusting R, and C, , 
pulsations were brought to a minimum, which was 
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taken as the balance point. This type of balance was 
used because of considerable 60-cycle pickup in- 
troduced to the Y plates from the electrodes in the 
furnace. 

Calculations of R,, and C,,, the gross series 
resistance and capacitance, were made by the 
following formulas (8): 


Cas = (R,/Ri)Cy 
= Ry 


The advantage of the parallel measuring circuit is 
apparent in that large values of capacity can be 
measured without the necessity of using a large 
standard capacitor. Rather, the measured capacity 
depends on the ratio of R, to R,. 

Curves were run by applying the fixed d-c po- 
tential, balancing the bridge at the desired fre- 
quency setting, then changing the d-c potential and 
again balancing. 

As the d-e potential was increased, an electron 
current began to flow from ground to £, , through 
E, to the resistance R, , through the Ampot, where 
the meter, 1, measured the current, then back to 
ground. Thus, a plot of the current behavior as the 
potential was changed could be obtained at the 
same time as the impedance. Residual current did 
not affect impedance measurements. Since the 
maximum potential output of the Ampot was only 
3 v, it was necessary to lower the resistance of R» if 
currents greater than 4 wa were to pass. The effect of 
lowering FR. was to increase the potential across F, 
and 

The result of changing the d-c potential, with a 
reducible ion in the melt, was to deposit the metal 
on the platinum microelectrode. By then reversing 
the direction of polarization, the current-voltage 
curve was retraced, except that the curve crossed 
the zero current axis because of the oxidation of the 
metal deposited on the microelectrode. By changing 
the d-c potential, a larger and larger anodic current 
could be drawn. This current, of course, was not 
diffusion limited as was the reduction current. Thus, 
the combination of the ammeter, M, and the 
potentiometer gave a current-voltage curve and the 
bridge could be balanced at fixed microelectrode 
potentials and fixed anodic currents. 

An equilibrium potential, that is, the potential of 
the metal plated microelectrode with respect to the 
reference platinum foil, could be measured by 
opening the direct current path through resistor R, 
and measuring the open circuit potential between 
and E;. 

RESULTS 


The results of the experiments are best presented 
in a series of graphs. The conditions under which 
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Fia. 2. Residual capacity, C,, for KCI-LiCl. Curve 1, 
2000 eps; curve 2, 1000 eps; curve 3, 100 eps; curve 4, 40 eps. 
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Fig. 3. C,, and current for NiCl, (29 mg) in KCI-LiCI 
(113 g); f = 1000 eps. Curve 1, current, forward polariza- 
tion; curve 2, current, reverse polarization; curve 3, Cz,, 
forward polarization; curve 4, C,,, reverse polarization. 


the experiments were run are presented on the 
graphs. Since the area of the solid microelectrodes 
was not known exactly, values of C,, and R,, are 
presented for the microelectrode used, rather than 
being expressed as microfarads per square centi- 
meter or ohm cm*. 

Fig. 2 shows the residual value for C,, , that is, 
the value obtained for the capacity of the measured 
series circuit without any reducible ions added. At 
the more negative potentials, a small residual 
current, due to the reduction of hydrogen from traces 
of water or hydroxy! ion in the melt, was drawn. 

The graphs for C,, , R., , and 7, the current at the 
microelectrode, are plotted against the potential 
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measured with respect to the platinum foil reference 
electrode for the forward polarization for melts 
containing nickel ions, Fig. 3, and cobalt ions, Fig. 4. 
It is observed that the maximum in the value for 
C,, and minimum for R,, occur at the measured 
equilibrium potential. For the reverse polarization, 
Fig. 3 and 5, it is seen that the curves retrace that 
for the forward polarization until the maximum or 
minimum is reached, then show a slight jog, after 
which C,, continues to increase and R,, to decrease 
as the current becomes more and more anodic. Note 
that the jog in the current-voltage curve corresponds 
to the jog in the C,, and R,, plots. Fig. 6 shows the 
effect of frequency variation on C,, for nickel ions 
in the melt. The effect of concentration changes of 
the reducing species is shown in Fig. 7. It is observed 
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Fig. 4. C,,, and current for CoCl, (22 mg) in 
LiCl (106 g) forward polarization, null potential = —0.85 
v.;f = 1000 eps. Curve 1, C,,; curve 2, R,,; curve 3, current. 
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Fic. 5. Crs, Re», and current for CoCl, (22 mg) in KCl- 
LiCl (106 g) reverse polarization, null potential = —0.85 
v;f = 1000 eps. Curve J, C,,; curve 2, R,.; curve 3, current. 
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Forward polarization, null potential = —0.68 v. Curve 1, 
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Fig. 7. C,, and R,, for NiCls in KCI-LiCl; f = 1000 eps. 
Curve 1, 29 mg; curve 2, 54 mg NiCl. in 112 g KCI-LiCl. 


that the shift in the maximum in C,, and minimum 
in R,, corresponds to the shift in the equilibrium 
potential. The abnormally large shift in equilibrium 
potential is probably attributable to a drift in the 
potential of the reference electrode. 

Fig. 8 shows a plot of C,, , R., , and 7 against the 
microelectrode potential for the forward and reverse 
polarization with potassium tetrachloroplatinate(IT) 
present in the melt. In this case, zero volts against 
the platinum reference corresponds to the equilibrium 
potential. In Fig. 9, values of C,, are plotted against 
the reciprocal of the square root of the frequency for 
varying values of anodic current with the tetra- 
chloroplatinate(II) present in the melt. 
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8. Cz., Rz,, and current for K,PfCl, (27 mg) in 
KCI-LiCl (113 g); f = 1000 eps. Curve 1, C,,; curve 2, Rzs; 
curve 3, current. 
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Fic. 9. C,, as function of frequency, for K2,PfCl, (27 mg) 
in KCI-LiCl (113 g) at various values of anodic current. 
Curve 1, i = —4; curve 2,7 = —1.5; curve 3,7 = —0.5; 
curve 4,7 = 0 wa. 


The total measured impedance, 


Z = V (1/wCr)? + R*.. 


for the electrode in a melt containing nickel(IT) ions, 
is shown in Fig. 10 for the forward polarization. 
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Fia. 10. Electrode impedance as function of potential, 
for NiCl, (29 mg) in KCI-LiCl (113 g), f = 1000 eps. 


Note that the minimum in the impedance curve 
occurs at the equilibrium potential. 


DISCUSSION 


When impedance measurements are made in 
aqueous solutions using the dropping mercury 
electrode, the solution resistance and double layer 
capacity are measured and are found to be frequency 
independent. However, as indicated in Fig. 2, the 
“residual” capacity and resistance are not frequency 
independent. This has been attributed to the non- 
homogeneous character of the surface of a solid 
microelectrode (2, 9). Hillson (5) has suggested that 
a measurement of the double layer capacity at a 
solid electrode could be made by plotting C,, against 
the reciprocal of frequency, and extrapolating to 
infinite frequency. The solution resistance might 
also be measured in a similar manner. However, the 
residual current in fused salt polarography, or in 
aqueous polarography employing solid electrodes, is a 
faradaic current, while the residual current obtained 
with a dropping mercury electrode is nonfaradaic, 
caused by the charging of the double layer at the 
continuously forming electrode-solution interface. 
The faradaic residual current would probably con- 
tribute some frequency dependent character to any 
resistance or capacity measurements, especially at 
lower frequencies. Thus, even if the values of C,, 
and R,, were extrapolated to a value at infinite 
frequency, the use of these values might lead to 
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serious error, since it would be used in a case where 
the frequency dependent component arises from the 
residual reaction plus that of the primary reaction 
being studied. 

Attempts to calculate R, and 1/wC,, equations 
(I) and (II), by subtracting vectorially the measured 
residual resistance and capacitance at a given 
frequency, were unsuccessful, leading to nonlinear 
and “inverted”? plots against 1/w~? in which the 
resistive component was less than the capacitative 
component of the impedance. A similar inversion 
was observed in plotting the uncorrected R,, and 
1/wC,, values. Such an inverted behavior has been 
attributed to adsorption of the reacting species at 
the electrode surface (6). Unfortunately, there is no 
independent indication of adsorption in the present 
instance, although such a process is certainly pos- 
sible. An adsorbed layer of reacting ions would lead 
to another (frequency independent) combination of 
resistance and capacitance across the double layer. 

The resulting complexity of the impedance net- 
work, particularly in view of the abnormal fre- 
quency dependence of the double layer capacity and 
solution resistance, renders a quantitative inter- 
pretation impossible. Nevertheless, certain gross 
effects may be noted from the raw C,, and R,, 
plots. 

For platinum(II), the current-voltage curve and 
C,, conform closely to the expected behavior for a 
reversible couple. As shown in Fig. 9, the values of 
C,, plotted against the reciprocal of the square root 
of frequency do fall reasonably well on a straight 
line, showing that the major portion of the im- 
pedance shows the proper frequency dependence. 
The pseudocapacity, C, , is proportional to the slope 
of the current-voltage curve, di/dE, which in turn 
is proportional to the quantity (iz — 7). In Fig. 9, 
the slopes of the curves, neglecting double layer 
capacity, should thus be proportional to (ig — 7). 
Taking ig = 1.5 wa, the calculated ratios of the 
slopes to the value of (ig — 7) are respectively 
2.5, 2.7, 2.7, and 2.2 for i = 0, —0.5, —1.5, and 
—4 ya. It follows from these observations that the 
observed pseudocapacity at a given potential (not 
the equilibrium potential) for a reversible electrode 
should be independent of the bulk concentration of 
the metal ion, because the surface concentration is 
determined by the electrode potential and the 
pseudocapacity measurement is not affected by the 
passage of a direct current. An unexpected ir- 
regularity is the crease of R,, with cathodic polariza- 
tion (Fig. 8). It has already been pointed out that 
R,, is abnormal, perhaps due to adsorption. 

For nickel(II) (Fig. 3) and cobalt(II) (Fig. 5), the 
current-voltage curves show increasing deviation 
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from reversible behavior. As the reaction rate kC 
at the equilibrium potential decreases in relation to 
the diffusion flux, the current-voltage curve shows a 
region of diminished slope in the vicinity of the zero 
current point. Correspondingly, the value of C., 
does not increase smoothly in passing through the 
zero current point toward anodic polarization, 
as would be the case for a strictly reversible reaction. 
Actually, the jog is barely noticeable in the case of 
nickel(II), and the electrode reaction normally 
would be considered to be reversible by polarographic 
standards (10). By equilibrium potential methods, 
even the cobalt reaction probably would show 
reversible Nernst behavior, but its polarographic 
behavior is irreversible (11). 

An unexpected but very striking observation was 
the increase in measured capacity C,, which was 
observed on cathodic polarization of a platinum 
electrode in solutions of nickel(II) and cobalt(II) 
at potentials well before the equilibrium potential 
was reached. The strong frequency dependence of 
the capacity (Fig. 6) suggests that the diffusing 
metal ion is involved. The total impedance (Fig. 10) 
is considerably smaller in the potential region 
—0.2 to —0.6 v than in the absence of nickel(IT) 
ion. Moreover, in blank experiments using the 
LiCl-KCI melt, a steady increase of total impedance 
with cathodic polarization was observed in this 
region, whereas two pronounced dips occurred in 
the presence of the nickel(II). No corresponding 
changes of slope in the current voltage curve were 
detected. This would appear to indicate that the 
peculiar impedance effects were not caused by 
residual electrode reactions in the blank melt. 

The expected behavior would be to find only the 
double layer capacity at potentials more positive 
than the equilibrium potential of the plated metal. 
A pseudocapacity suddenly should appear at the 
reversible potential, and gradually decrease with 
increasing cathodic potential. 

Since the pseudocapacity depends on the occur- 
rence of the reaction 


Mnt+ + ne— M 


and since there should not be any metal deposited 
on the inert electrode before the equilibrium po- 
tential, the possibility of metal deposition before 
the equilibrium potential must be considered. 
Rogers has shown that, in very dilute aqueous solu- 
tions, a deposition of silver of less than a monolayer 
takes place at a potential more positive than that 
predicted by the Nernst equation (12-14). Although 
further proof would be needed to establish the 
existence of such a deposit in the fused salt melt, 
such behavior might explain why the pseudocapacity, 
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although reaching a maximum at the equilibrium 
potential on the forward polarization, does start to 
increase well before the equilibrium potential. 
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Technical Note 


The Nature of Aluminum as a Cathode' 


M. J. Pryor anp D. S. Kerr 


Kaiser Aluminum & Chemical Corporation, Spokane, Washington 


During the course of an investigation of galvanic 
corrosion, it was observed that aluminum, copper, 
and mild steel exhibited markedly different cathodic 
polarization curves in sodium chloride solution. 

The results of this preliminary investigation are 
summarized in Fig. 1 which shows cathodic polariza- 
tion curves for cold rolled aluminum? etched in 14 % 
hydrofluoric acid, mild steel etched in 2% nital, and 
copper etched in 1:1 nitric acid. After etching, all 
specimens were stored in dry air for 24 hr to permit 
the growth of air-formed oxide films. The curves 
were determined in normal sodium chloride at 25° + 
0.1°C on specimens having an area of 100 cm? and 
probably represent continuations of the local-cell 
cathodic polarization® curves. 

In the absence of an applied current, corrosion of 
iron (1), copper (2), and aluminum (3) in sodium 
chloride solutions involves the consumption of dis- 
solved oxygen. The reduction of dissolved oxygen at 
iron and copper cathodes results in the formation of 
water or hydroxy] ions (4). Hydrogen peroxide may 
be formed transiently as an intermediate product of 
reduction (5), but will be rapidly catalytically de- 
composed by these two metals (4). Whether detect- 
able quantities of hydrogen peroxide are formed at 
aluminum cathodes has been the subject of much 
argument (4, 6, 7) over the years. However, if 
hydrogen peroxide were formed as the cathodic reac- 
tion product during the corrosion of aluminum, this 
alone would not explain the very high cathodic polar- 
ization shown in Fig. | since this polarization is 
observed not only at low currents where oxygen is 
reduced but also at higher currents where hydrogen 
is evolved. 

Cathodic reactions on these metals presumably oc- 
curred by the migration of electrons through the sur- 
face oxide films and the subsequent interaction of 
these electrons with hydrogen ions and dissolved 
oxygen at the film/solution interfaces. In order for 
this reaction to occur over most of a specimen, oxide 
films should have a low electronic resistance. The 


' Manuscript received February 21, 1955. 

2 See Table I for chemical compositions. 

’ All potentials are expressed on the Standard Hydrogen 
Seale. 
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Fic. 1. Cathodic polarization curves for aluminum, mild 
steel, and copper in 1N sodium chloride solution at 25°C. 


TABLE I. Chemical compositions of the metals used 


Metal Composition 


Aluminum | Silicon 0.001%, iron 0.001%, copper 0.002%, 
balance aluminum. 

Carbon 0.07%, silicon 0.02%, manganese 
0.45%, phosphorus 0.010%, sulfur 0.030%, 
copper 0.06%, nickel 0.08%, molybdenum 
0.005%, cobalt 0.038%, balance iron, 

Iron Carbon 0.005%, silicon 0.0075%, sulfur 
0.013%, phosphorus 0.003%, manganese 
0.007%, nickel 0.018%, chromium 0.02%, 
copper 0.003%, oxygen 0.12%, nitrogen 
0.008%, hydrogen 0.00009%, balance iron. 

Silicon 0.002%, iron 0.002%, magnesium 
<0.001%, silver <0.001%, oxygen 0.085%, 
balance copper. 

Magnesium | Silicon 0.09%, iron 0.006%, magnanese 

1.69%, copper 0.004%, zinc 0.08%, balance 

magnesium. 

Zine Silicon 0.08%, iron 0.001%, magnesium 

0.008%, copper 0.009%, lead 0.002%, 

calcium 0.002%, balance zine. 

Tin Silicon 0.06%, iron 0.005%, magnesium 
0.02%, copper 0.005%, lead 0.002%, 
calcium 0.004%, balance tin. 

Silicon 0.1%, iron 0.0005%, magnesium 
0.03%, copper 0.03%, balance lead. 
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TABLE II. Results of tests for cathodic areas on metals 


: _— Cupric sulfate test for distribution of Sodium molybdate test for 
Metal Phenolphthalein test for alkalinity deposited copper hydrogen peroxide 
Iron | Development of alkalinity over | Uniform layer of copper deposited over - 


whole specimen. 
Development of alkalinity over 
whole specimen. 


Copper 


entire specimen (Fig. 2a). 
Uniform layer of copper deposited over — 
entire specimen (Fig. 2a). 


Magnesium Development of alkalinity over | Loose deposit of copper formed over — 


whole specimen. 


most of the surface; however, vigor- 


ous evolution of hydrogen continually 
detaches the copper. 
Tin Development of alkalinity over | Uniform layer of copper deposited over 


whole specimen. 


| entire specimen. 


Lead Development of alkalinity over | Uniform layer of copper deposited over — 


whole specimen. 


entire specimen. 


Zine Only very slight pink color de- | Uniform layer of copper deposited over | Uniform reddish-brown  col- 


veloped within the current range 
0.5-2.5 microamp/em?. Above 2.5 
microamp/em? alkalinity is de- 
veloped over the whole surface. 

| No alkalinity detected when the 


Aluminum 


entire specimen. 


oration over most of the 
surface. 


Small randomly distributed spots of | Small isolated areas of red 


current is less than 20 microamp/ | 
em?; at currents higher than 20 | 
microamp/cm? intense alkalinity 


is developed at some isolated 
areas, whereas the remainder of 
the specimen is faintly pink. 


copper are deposited on a cold rolled | 


specimen (Fig. 2b). On an annealed 
specimen, spots of copper appear to 
be smaller, vary in number from 


grain to grain, and in many cases 


follow the grain boundaries (Fig. 2c). 


dish-brown coloration indi- 
cating localized formation 
of hydrogen peroxide. 


resistance of air-formed oxide films on iron (8) and 
copper (9) is sufficiently low to permit uniform migra- 
tion of electrons at low current densities. However, 
the electronic resistance of aluminum oxide (10) is 
several orders of magnitude higher than that of 
either ferric oxide or cupric oxide (11). Conse- 
quently, this fact might well lead to electrons migrat- 
ing through thin air-formed aluminum oxide films at 


local “weak” or thin points, as has been previously 
supposed by Evans (12). 

In order to determine the distribution of effective 
cathodic areas, tests were carried out on cold-rolled 
and annealed aluminum (both etched in 4% 
hydrofluoric acid), iron and magnesium (etched in 
2% nital), tin (etched in 5% nital), copper (etched 
in 1:1 nitric acid), lead (etched in concentrated 


Fic. 2. Distribution of deposited copper on iron, cold rolled aluminum, and annealed aluminum after 2-min cathodic 
treatment in normal sodium chloride containing 0.1% cupric sulfate. From left to right—(a) uniform deposition on 
iron; (b) localized deposition on cold rolled aluminum; (c) localized and grain boundary deposition on annealed alu- 


minum. (Magnification 50 before reduction for publication.) 
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nitric acid), and zine (etched in 20% chromic acid 
plus 7.5% sodium sulfate). All specimens had an 
area of 10 cm? and were stored in dry air for 24 hr 
after etching in order to permit the formation of 
air-formed oxide films. 

The tests used to investigate the initial distribu- 
tion of cathodic areas were: 

(A) Cathodic treatment of the specimen in nor- 
mal sodium chloride containing one drop of phenol- 
phthalein at a current of 1 microamp/cm? of specimen 
using a platinum anode. In some experiments the 
current was varied as shown in Table II. The dis- 
tribution of the alkali formed during the cathodic 
reaction indicated the position of the cathodic areas. 

(B) Cathodic treatment of the specimen for 2 
min in normal sodium chloride containing 0.1% of 
cupric sulfate at a current of 1 microamp/cm? of 
specimen using a platinum anode. Deposited copper 
on the specimen also gave an indication of the dis- 
tribution of the cathodic areas which could be 
readily photographed. 

(C) Cathodic treatment in normal sodium chlo- 
ride containing sodium molybdate at a current of 1 
microamp/em*. The distribution of the reddish- 
brown permolybdate (13) indicates the distribution 
of hydrogen peroxide on zine and aluminum cath- 
odes. 

In all tests the applied current flowed as soon as the 
specimen came in contact with the solution. 

The results of these tests are shown in Table II. 
Tests [1] and [2] show that iron, copper, magnesium, 
zinc, tin, and lead, all carrying air-formed oxide 
films, act as effective cathodes over most of their 
surfaces (Fig. 2a). However, tests [2] and [3] show 
that aluminum, when covered with an air-formed 
oxide film, acts as an efficient cathode only at small 
isolated points. On cold-rolled aluminum these small 
cathodes appear to be randomly distributed over the 
surface of the specimens (Fig. 2b). Somewhat similar 
isolated deposition of copper (from coolant solutions 
containing cupramines) has been observed on alumi- 
num previously (14). On annealed aluminum the 
average size of the spots of copper is smaller than on 
cold-rolled aluminum, but a distinct correlation be- 
tween the grain boundaries and the copper deposition 
is apparent (Fig. 2c). 
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These results may be interpreted as meaning that 
the electronic resistance of the air-formed oxide film 
on aluminum, unlike those on the other metals 
studied, is so high that it prevents the migration of 
electrons to the film/solution interface éxcept at 
small “‘weak’”’ points of low electronic resistance. 
Thus, instead of the cathodic réaction taking place 
at low current density over most of the surface, as in 
the case of iron and copper, it takes place at a much 
higher current density over a small portion of the 
surface. This will lead to high polarization of the 
cathodic reaction as shown in Fig. 1. Whereas the 
“weak” points are randomly distributed on the dis- 
torted-cold rolled aluminum, they appear to follow 
the grain boundaries of annealed aluminum, pos- 
sibly due to a high degree of lattice misfit in the 
underlying metal at these areas. 

Although additional work remains to be carried 
out before general conclusions can be advanced, it 
is felt that these observations throw new light on the 
high resistance of aluminum to chloride solutions 
and on the limited sensitivity of the corrosion of this 
metal to the presence of oxygen. 


Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1956 JouRNAL, 
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FUTURE MEETINGS OF 


The Electrochemical Society 


Pittsburgh, October 9, 10, 11, 12, and 13, 1955 
Headquarters at the Hotel William Penn 


Sessions will be scheduled on 


Batteries, Corrosion, Electrodeposition, 
Electro-Organics, and Electrothermics and Metallurgy 


x * 


* 
San Francisco, April 29, 30, May 1, 2, and 3, 1956 
Headquarters at the Mark-Hopkins Hotel 


Sessions will be scheduled on 


Electric Insulation, Electronics (including Instrumentation, Luminescence, 
Oxide-Cathodes, Phosphor Application, and Semiconductors), 
Industrial Electrolytics, Electrothermics and Metallurgy, 


and probably Theoretical Electrochemistry 


Cleveland, October 28, 29, 30, 31, and November 1, 1956 


Headquarters at the Statler Hotel 


* 


* 
Washington, D. C., May 12, 13, 14, 15, and 16, 1957 
Headquarters at the Statler Hotel 


x * 


* 


Buffalo, October 6, 7, 8, 9, and 10, 1957 


Headquarters at the Statler Hotel 


Papers are now being solicited for the meeting to be held in San Francisco. Triplicate copies of 
each abstract (not exceeding 75 words in length) are due at the Secretary's office, 216 West 102nd 
Street, New York 25, N. Y., not later than January 2, 1956 in order to be included in the program. 
Indicate on abstract for which division the paper is to be scheduled. Complete manuscripts should be 
sent in triplicate to the Managing Editor of the JourNaL at the same address. 
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